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ABSTRACT

Metal substituted ferrite nanoparticles (MxFe3-xO4, M = Mn, Co, Ni, or Zn) have
been synthesized and applied for a variety of biomedical applications, including magnetic
hyperthermia treatment, drug delivery, and tunable MRI contrast agents. To better
understand the structure-property relationship of such materials, nonstoichiometric
manganese ferrite was computationally modeled with density functional theory (DFT).
Detailed XRD and HRTEM analysis suggest that substitution-induced crystalline defects
cause a discrepancy between the computational results and the experimental results.
To improve the control of the size, and composition of the ferrite nanoparticles, a
seed-mediated drip synthesis method and post-synthesis oxidation method were developed.
Manganese-cobalt substituted ferrite nanoparticles were synthesized and characterized.
The results showed an insufficiently oxidized core-oxidized shell structure leading to a
shell-dominated magnetic property.
To solve the insufficient oxidation issue and to better control the crystalline
structure of the ferrite nanoparticles, a post-synthesis annealing method was developed.
The results indicated that the wüstite rich nanoparticles can be oxidized by post-synthesis
annealing without the addition of oxidizing agents. For 20 nm iron oxide nanoparticles, the
saturation magnetization increased from 35 Am2/kg to 72 Am2/kg and exhibited a specific
absorption rate of 240 W/g under a 212 kHz, 33 mT AC field.
To study the structure-property relationship of the 4-arm polypropylene oxide
(PPO)–polyethylene oxide (PEO) block copolymers, a series of polymer hydrogels with
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various molecular weights, block molar ratios, and solution concentrations were prepared
via anionic ring-opening polymerization. The chemical structures were determined by
nuclear magnetic resonance (NMR) and the thermal properties were tested by differential
scanning calorimetry (DSC). The resulting data were statistically analyzed, and a
corresponding empirical model was developed. The empirical model indicated the
thermoresponsive temperature is positively correlated with the EO/PO ratio and negatively
correlated with the molecular weight and concentration. The empirical model was then
challenged through the synthesis of 3 targeted polymers and resulted in an RDS of less than
5%.
Particles with high heating efficiency were surface modified with thermoresponsive
PEO-b-PPO ligands via ligand exchange and silica surface chemistry. The polymerparticle complex showed magneto-thermoresponsiveness that is potentially used in
magnetically triggered drug release in the future.
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CHAPTER ONE

THE INTRODUCTION TO MAGNETO-THERMORESPONSIVE NANOPARTICLES

Magnetic nanoparticles and biomedical applications
Magnetic nanoparticles have drawn great attention during the last few decades as
they offer unique properties that can be used for magnetically mediated biomedical
applications.1,2 Among different types of magnetic nanoparticles, iron oxide base
nanoparticles, or spinel ferrite nanoparticles, are the most widely studied for the ease of
synthesis, adjustable magnetic properties, and good biocompatibility.3,4 Spinel ferrites

Figure 1.1 Typical spinel ferrite structure. Figure is reprinted from ref. 5. Copyright 2007
Elsevier.

1

Figure 1.2 Cation distribution in spinel ferrites: (a) inverse spinel ferrite, (b) manganese
ferrite and (c) zinc manganese ferrite. The manganese ferrite and zinc manganese ferrite
are mix ferrites where Me2+ cations occupy both A and B sites. Magnetite, Fe3O4 is a
typical inverse spinel ferrite where Me2+=Fe2+. Figure is reprinted from ref. 5. Copyright
2007 Elsevier.
nanoparticles (MexFe3-xO4, Me = Mn, Fe, Co, Ni, or Zn) have a general structure of a
typical spinel AB2O4, where metal M and iron occupy the tetrahedral (A site, total of 8 in
a unit cell) and octahedral (B site, total of 16 in a unit cell) interstitial sites of a facecentered cubic lattice constructed by oxygen atoms (Figure 1.1).5 The net magnetic moment
of ferrite comes from the magnetic moments of the metal cations. The moments in A sites
and B sites are antiparallel, thus the ferrite structure exhibits ferrimagnetic properties which
rely on the cation distribution. If all the B sites are occupied by Fe3+ and A sites are
occupied by Me2+, this type of structure is considered a normal spinel, while if all the A
sites are occupied by Fe3+, and B sites are randomly occupied by Fe3+ and Me2+, the

2

structure is called an inverse spinel. Figure 1.2 shows some typical spinel ferrite
compositions as examples.
Depending on how the magnetic nanoparticles respond to the magnetic field,
different applications were designed and realized, such as magnetic hyperthermia,
magnetic resonance imaging (MRI) contrast agents, and magnetic particle imaging (MPI),
etc.2,4,6,7
Magnetic hyperthermia
Hyperthermia is a type of cancer therapy where heat treatment (e.g., 40-44 ℃) is
used to remove tumors .8,9 Magnetic hyperthermia refers to the use of the alternating
magnetic field (AMF) to inductively heat the magnetic implants to achieve localized
temperature increase to kill tumor cells. The use of a magnetic heater to deliberately use
inductive heating to kill tumor cells dates back to 1957.10 Based on that study, the tumor
cells can be destroyed after heating at high temperatures for a duration of time. Since then,
a great deal of work on optimizing the parameters for magnetic hyperthermia has been
done.11–13 For example, the development of magnetic nanoparticles has enabled the
potential for targeted hyperthermia.14 Here, specific locations can be targeted via direct
injection, enhanced permeation retention (EPR), and active targeting to accumulate the
magnetic nanoparticles for effective hyperthermia treatment.15–18 The mechanism of
magnetic nanoparticle hyperthermia has been extensively studied in the past few
decades,19,20 however, more investigations on how to optimize the operation condition and
the materials’ properties to reduce the dosage of magnetic nanoparticles in living organs
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are needed.21,22 The mechanism of magnetic nanoparticle hyperthermia and the
optimization of magnetic nanoparticles for better magnetic nanoparticle hyperthermia
based on particle relaxation dynamics is discussed further below.
Magnetic resonance imaging contrast agents
MRI uses the proton nuclear magnetic resonance signals for imaging. Under an
external static magnetic field, the water proton nuclear spins are aligned parallel with the
external field, which induces longitudinal magnetization. The applied radiofrequency (RF)
pulses induced the proton nuclear spins to align opposite to the static field. Upon removal
of the RF pulse, the exciting water protons relax back to the ground state (i.e., align parallel
with the static field) by emitting the energy gained from the RF pulse. This relaxation
proceeds via two different processes: T1 longitudinal relaxation (spin-lattice) and T2
transverse relaxation (spin-spin). The relaxation processes are then processed and grayscale
images. Hence, there are two modes of images, T1-weighted imaging (positive contrast)
and T2-weighted imaging (negative contrast). To enhance the contrast, contrast agents are
designed and used in the clinic.23 To date, gadolinium-based chelate compound (T1
contrast agents) is the standard MRI contrast agent for clinical use. It enhances the T1
contrast by shortening the T1 relaxation time with the exchange between the gadolinium
and water molecule protons. On the contrary, magnetic nanoparticles enhance the T2
process, thus the use of magnetic nanoparticles as T2 contrast agents is extensively
studied.24–27 More recently, considering the toxicity issue of the gadolinium-based contrast
agents, researchers have been searching for alternatives to replace the gadolinium-based
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contrast agents. A lot of efforts were made concerning the possibility of using iron oxidebased nanoparticles as candidate T1 contrast agents. The challenge is to maximize R1/R2
(R1 and R2 are the T1 and T2 relaxation rates, respectively).26 To do that the magnetic
particles should behave more like paramagnetic materials that have high susceptibility.
Thus, strategies like manganese substitution and decreasing the magnetic volume of the
particles were attempted.28
Magnetic particle imaging
MPI is an emerging technique for medical imaging. Unlike MRI, MPI is a simple
inductive measurement. It directly visualizes the magnetic nanoparticle tracers (usually 20
nm to 30 nm) by collecting the response from the tracer with the application of AMF. When
the particle tracer is magnetized by the external AMF, there will be a change in the overall
magnetic flux which results in a signal that can be received by the receiver coil. With the
design of the scanning field and the complicated signal processing algorism, localized 2D
or 3D imaging with high sensitivity, selectivity, and resolution can be achieved.29,30 By far,
the MPI tracers are made of iron oxide nanoparticles and the performance of the MPI relies
highly on the quality of the nanoparticles, especially the size and size distribution.31–33 In a
more recent study, it is shown that the 28 nm iron oxide nanoparticles offer the best MPI
signal than other sizes.34 Because of the mechanism of MPI, the magnetic property of the
nanoparticles plays the most important role in the performance of MPI. Further studies on
using materials other than iron oxide, such as substituted ferrites, as the tracers are
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necessary. At present, the MPI scanner is still with a relatively small dimension and a
human-body-sized scanner needs to be built in the future for clinical medical imaging.
In this dissertation, all the magnetic materials are restricted to spinel ferrite
materials. The biomedical applications, synthetic routes, and property optimizations of
ferrite nanoparticles are briefly reviewed and discussed in this introduction. The application
of magnetic nanoparticles in magnetic nanoparticle hyperthermia is thoroughly discussed
below since the work in this dissertation relies on the concept of using magnetic
nanoparticles as nano heaters to trigger the conformational transition of the
thermoresponsive polymers and achieve magnetically controlled actuation that will be used
for drug delivery purposes.
Magnetic hyperthermia and magnetically mediated energy delivery theories
Unlike inductive heating that relies on the conduction current and resistivity loss to
convert electromagnetic energy to heat, magnetic hyperthermia mainly relies on the
interactions between the magnetic moments of the particles and the alternating magnetic
field (AC field, AMF) for the energy delivery.13,35,36 Because of the complexity of the
heating mechanism, the energy conversion and delivery, and heat release process is also
called magnetically mediated energy delivery (MagMED).9,37,38 When the magnetic field
is applied to the magnetic nanoparticles, the magnetic particles are magnetized and the
moments inside the particles tend to align with the external field. As the field changes its
direction, the moments flip in response to the field. Since there is a lag between the
relaxation of the magnetized moments and the field when the field frequency is beyond the
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relaxation rate of the moments, a susceptibility loss occurs. The relaxation can be described
in two regimes, Néel ( τ N ) and Brownian ( τ B ) relaxation. The relaxation times are given
by:

 KV 

 k BT 

τ N = τ 0 exp 
3ηVh
k BT

Eq (2)

τ Nτ B
τ N +τ B

Eq (3)

τB =
τ=

Eq (1)

where τ 0 is an attempt relaxation time factor that ranges around 10-13 to 10-9 s, K is the
anisotropy, V is the volume of the particle, k B is the Boltzmann’s constant, η is the viscosity
of the medium, Vh is the hydrodynamic volume of the particle in the medium, and τ is the
effective relaxation time of the magnetic nanoparticle.13,35,36 As seen in the equations, the
relaxation time is highly dependent on the size of the nanoparticles. When the size of the
nanoparticles is sufficiently small, lower than a critical size, the particles exhibit a
superparamagnetic behavior with the single-domain structure. In this circumstance, only
susceptibility loss contributes to energy dissipation. Other mechanisms, like hysteresis loss
and magnetic stirring, happen when the particle size is larger. The critical sizes for different
regimes of heating are dependent on both the particles and the applied field which are given
in the equation:36
DP ( 0 ) =

3

6 k BT  t 
ln  
π K τ0 

HM s 
DP ( H =
) 1 −

 0.96 K 

−

2
3

Eq (4)
DP ( 0 )

Eq (5)
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where t is the measurement time (period of the AC field, reciprocal of the field frequency),
H is the magnetic field strength, and Ms is the saturation magnetization of the particle.
Figure 1.3 shows the heating regime in relation to the particle size distribution.36

Figure 1.3 The critical diameters separating contributions to heating arising from ac,
hysteresis losses and stirring at a frequency of 111.5 kHz and an applied field of 250 Oe
(Dp(0) = 13.5 nm and Dp(H) = 19.4 nm for K = 3 × 105 ergs∙cm−3). Figure reprinted from
ref. 36. Copyright 2013 IOPSCIENCE.
In this introduction, only the mechanism of susceptibility loss is discussed since
most of the nanoparticles used in magnetic nanoparticle hyperthermia studies have
superparamagnetic behavior.6,35 The power of heating can be modeled with the assumption
of a linear response theory, i.e. the susceptibility remain constant when the field is small,
given the equation:39
''
2
=
=
πµ0 χ 0 H 2 f
P πµ
0χ H f

2π f τ

1 + ( 2π f τ )

8

2

Eq (6)

where µ0 is the permeability=
of free space ( µ0 1.25663706212 (19 ) ×10−6 H / m ), χ '' is
the imaginary part of the complex susceptibility ( χ= χ ' + i χ '' ), χ 0 is the susceptibility
near zero field ( χ '' = χ 0

2π f τ

1 + ( 2π f τ )

2

), H 0 is the field amplitude, and f is the field

frequency. Since the susceptibility χ 0 is more related to the intrinsic properties of the
nanoparticles, the heating power P increases with the increase of field strength and field
frequency with the limitation of necessary health concerns.9 The efficiency of heating is
usually represented by the term specific absorption rate (SAR) that also refers to specific
loss power (SLP), which is the power divided by the density of the magnetic material (
SAR( f , H ) =

P( f , H )

ρ

). Experimentally, the SAR can be measured by measuring the

temperature gradient during AC magnetic field heating. The SAR can be calculated with
the equation:

SAR =

C  dT 


m  dt 

Eq (7)

where C is the specific heat capacity of the colloid (i.e., if water is used as the medium, C
is close to 4.18 J∙g-1∙K-1 as the concentration of the particle is low), m is the mass of the
magnetic nanoparticles in the measured sample,

dT
is the rate of the temperature increase
dt

which can be estimated by the initial slope of the heating curve. It is worth noting that the
measured SAR value is highly dependent on the applied field, thus, to report the SAR the
parameters of the field should also be taken into consideration. For a comparative study
from sample to sample, it is recommended to keep the field consistent.38 Since SAR is the
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characteristic parameter that describes the efficiency of energy delivery, a lot of efforts
have been made to chase a high SAR of magnetic nanoparticles, because, in essence, a
higher efficiency equals a lower dosage. Recently, Lanier et al. reported the results of the
evaluation of commercially available iron oxide nanoparticles (Fe3O4 or γ-Fe2O3).40 The
experiments were done under two sets of AMF (223 kHz 41 kA/m, and 345 kHz 59 kA/m).
The evaluated nanoparticles showed different SAR, meaning even when applied with the
same field, particles with different properties, such as size, composition, and structure,
behave differently. In the following sections, the synthesis methods and how to control the
properties of nanoparticle via synthesis to achieve higher SAR is discussed.
Synthesis of spinel ferrite nanoparticles
The performance of the materials relies on the successful synthesis of materials. To
synthesize ferrite nanoparticles efficiently and economically, a lot of synthetic mechanisms
were developed. Among all the methods, nanoparticles that are synthesized via the wet
chemistry route are the most widely studied because of their good feasibility and high
yield.41 In this introduction, several wet chemical synthetic methods are reviewed. Other
methods like physical deposition or biological methods are not discussed here.42,43
Typically, the wet chemical synthesis is performed in liquid media and thus it can be
divided into two categories: aqueous environment and organic environment, respectively.
Synthesis of spinel ferrite nanoparticles in an aqueous environment
To synthesize ferrite nanoparticles in an aqueous environment, inorganic salts
(nitrates, chlorides, sulfates, etc.) of iron and metals like Mn, Co, and Ni are usually
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selected as the source of metal reagents. It uses bath like sodium hydroxide to precipitate
the metals to form oxides:
−
MeFe2O4 + 4 H 2O
2 Fe3+ + Me 2+ + 8OH=

It is arguably the most widely used synthesis method because of its low cost, high yield,
and ease of operation. As both iron and the other metal are precipitated as hydroxide or
oxide form, this method is usually referred to as “co-precipitation”.44 The co-precipitation
also combines with heat treatment to work as another synthetic method, i.e. hydrothermal
method. It requires a high temperature (usually around 200 ℃) and high pressure (typically
around 2000 psi, because of the water vapor) in a closed autoclave reactor.41 Shown in

Figure 1.4 Generic schematic illustration of the synthesis of ferrite nanocrystals in an
aqueous envirionment. Figure is reprinted from ref. 45 Copyright 2018 Royal Society of
Chemistry.
Figure 1.4, the metal salts are precipitated with the addition of base and then the hydroxide
suspension/colloids are hydrothermally treated to form ferrite nanocrystals.45 To improve
the size dispersity of the co-precipitated nanoparticles, a two-phase microemulsion method
was developed. It uses the “water droplets in oil” strategy to make the precipitated solids
relatively monodisperse. In essence, the reaction still happens in an aqueous environment,
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although the major medium is nonpolar. Using amphiphilic molecules as surfactants,
micelles with relatively narrow size distribution are created which encapsulate the droplets
of aqueous salt solutions. The microemulsion serves as micro-reactors where the reagents
can react with each other and precipitate out in the form of particles. The dimensions of the

Figure 1.5 Schematic illustration of microemulsion synthesis of nanoparticles. Figure is
reprinted from ref. 5. Copyright 2007 Elsevier.
products are highly related to the size of the micelles. With this method, a multilayer
structure is also achieved by precipitating new layers on top of the formed particles.46 The
generic strategy is shown in Figure 1.5.5
Although synthesis in an aqueous environment is a facile and easy way to make
magnetic nanoparticles, such a method has a lot of challenges in terms of controlling the
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Figure 1.6 TEM images of magnetite particles synthesized via co-precipitation a),
hydrothermal b), and thermal decomposition c) methods. Scale bars are 20 nm.
size distribution and shape of the products. Examples of particles synthesized by coprecipitation, hydrothermal, and thermal decomposition methods are shown in Figure 1.6.
The TEM images demonstrate the particles made by different synthetic methods, showing
that the co-precipitation and hydrothermal methods, comparing to thermal decomposition,
do not have good control over the size distribution and morphology.
Synthesis of spinel ferrite nanoparticles in an organic environment
More recently, the development of the thermal decomposition synthesis method of
magnetic nanoparticles offers fine control over the size, composition, and shape of the
nanoparticle products.1,44,46,47 When comparing to methods such as co-precipitation,
microemulsion, and hydrothermal, thermal decomposition can provide nanoparticles that
have a wide size range (3 nm-50 nm) and narrow distribution41,48 with very good
reproducibility. The thermal decomposition synthesis method typically requires a
thermolysis reaction of the organometallic complex compounds in an organic solvent with
some stabilizing surfactants. The typically used metal source includes inorganic salts,49
metal acetylacetonates,50 fatty acid salts,51 metal carbonyl complexes,52,53 and metal
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Figure 1.7 (a) Classic LaMer mechanism for nanoparticle growth (b) The Extended LaMer
mechanism for nanoparticle growth with enhanced size control. Figure is reprinted from
ref. 64. Copyright 2015 American Chemical Society.
oxides,54, etc. In the presence of organic surfactants, such as oleic acid, oleylamine, stearic
acid, the metal precursors decompose at high temperatures (typically 250 to 350 ℃) and
form metal-surfactant intermediate and then nucleate and grow to nanocrystals.44,46 Long
hydrocarbon chains are usually used as high boiling point solvents such as octadecene,55–
57

docosane,58–60 benzyl ether,61,62 etc. The mechanism of particle formation can be

described with classic nucleation and growth theory, such as the LaMer mechanism (Figure
1.7a).63 As the precursor decomposes, the concentration of the monomer for nucleation
and growth increases. As the concentration reaches the critical supersaturation
concentration (Cmin), the nucleation event occurs (Stage I). As the nucleation and growth
proceed, the monomer concentration drops (Stage II). When the concentration keeps
decreasing, the particles keep growing. As the monomer concentration approaches the
lower solubility limit (Cs), the growth proceeds by Ostwald ripening which may result in
wide size distribution. To further enhance the control of the size of the nanoparticles, the
LaMer mechanism is extended by using a continuous drip method (Figure 1.7b).60,64–66 The
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constant addition of precursor allows stage III to keep a steady-state concentration without
reaching the solubility limit (Cs). This introduced a new stage of growth, stage IV, where
a steady-state monomer concentration yields continuous growth of nanoparticles to
arbitrarily large sizes with narrow size distribution.
In this dissertation, the thermal decomposition method is utilized for the synthesis
of ferrite nanoparticles. More importantly, using the Extended LaMer mechanism to
synthesize multi-metal substituted ferrite nanoparticles is attempted.
Tuning the magnetic properties of spinel ferrite nanoparticles for efficient energy
delivery
To provide magnetic nanoparticles with magnetic properties that meet the
requirements for a specific application, factors that influence the magnetic properties and
the performance of the magnetic nanoparticles must be well controlled during synthesis.
Among different factors that change the magnetic properties of the nanoparticles, size,
shape, composition, and microstructures are the most studied ones.67 Since this dissertation
focuses on the energy delivery/hyperthermia properties of the magnetic nanoparticles, the
influence of these factors on the magnetic nanoparticle hyperthermia performance and how
the factors are tuned are reviewed and discussed. As discussed in the previous section,
thermal decomposition offers, by far, the best synthetic method to control the size
distribution, shape, composition, and other parameters, all the studies related to tuning the
properties of the ferrite nanoparticles were done with nanoparticles synthesized by thermal
decomposition.

15

Size effect

Figure 1.8 Examples of how particle diameter influences the SAR (plots of the Rosensweig
model). a) the SAR vs. particle diameter with anisotropy constant K=10, 25, and 40 KJ/m3;
b)relaxation time vs. particle diameter of particles with different anisotropy. The shaded
area represents relaxation times for which ωτ¼1 for frequencies in the range of 100–300
kHz, i.e., SAR is optimized when relaxation time falls within this range; c) SAR of singledomain magnetite nanoparticles in the Rosensweig model in an aqueous medium at
physiological temperatures (K=25 kJ/m3, T=310 K, η=8.9×10-4 Pa s). Each successive
contour represents a twofold increase in SAR, in arbitrary units. The dashed line represents
the condition ωτ¼1 at which SAR is maximized. Figure is reprinted from ref.19. Copyright
2014 Elsevier.
In

theory,

''
2
πµ0 χ 0 H 2 f
P ( f , H ) πµ
=
=
0χ H f

as

described

2π f τ

1 + ( 2π f τ )

2

in

Eq(6),

Eq (6)

if we set the field parameters constant, the heating power should turn to a function of
const
field
imaginary susceptibility, P( f , H ) 
→ P( χ 0 ,τ ) . When the external field is

smaller than the saturation field of the magnetic nanoparticles, χ 0 =
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µ0 M s2V
k BT

which is a

function of the volume of the nanoparticle. The term

2π f τ

1 + ( 2π f τ )

2

maximizes when

2π f τ = 1 , thus, to maximize the healing power, the relaxation time, and in essence, the
particle size needs to be optimized. The relaxation time is dominated by the Neel relaxation
mode when particle size is small, while it is dominated by the Brownian relaxation mode
when particle size is large.19 Since the Neel relaxation time is a function of the effective
anisotropy, the relaxation time vs particle diameter is plotted in Figure 1.8b. Therefore, the
SAR value vs particle size can be plotted as in Figure 1.8a. For particles with a certain
anisotropy, there is an optimal size where the SAR is maximized. To optimize the
anisotropy, parameters like composition, shape, and structures are also discussed in this
section.
Tong et al. experimentally studied the size effect on the SAR of iron oxide
nanoparticles and showed that the particles ranging from 6 nm to 40 nm in diameter have

Figure 1.9 SAR vs. particle diameter with samples synthesized by Extended LaMer
method. Red curve is the theoretic model. Figure reprinted from ref. 64 Copyright 2015
American Chemical Society.
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Figure 1.10 Magnetic heating of iron oxide nanoparticles with various diameters. a)
heating curve of samples with different sizes; b) SAR vs. particle size at different field
strength. Figure is reprinted from ref. 69. Copy right 2018 Royal Society of Chemistry.
higher heating efficiency at larger sizes.68 An increase in SAR was also shown with the
increase of magnetic field strength and medium viscosity. In this study, the particles were
synthesized via the thermal decomposition of ferric acetylacetonate and larger sizes of
nanoparticles were achieved by applying a seed-mediated growth strategy when smaller
particles were used as seeds for the growth of larger particles.50 Vreeland et al. developed
a drip synthesis method to precisely control the growth of magnetite nanoparticles that
shows a very narrow size distribution.64 The size of the iron oxide nanoparticles was
controlled by the time of the continuous addition of reagents during the high-temperature
reaction. The SAR was measured with samples of different sizes and exhibited a very
similar relationship to the model in Figure 1.8a, as shown in Figure 1.9. More recently,
Mohapatra et al. introduced a method of controlling the size of iron oxide nanoparticles by
changing the iron to surfactant ratio with thermal decomposition of ferric acetylacetonate
in oleylamine.69 The characterization results showed that both the anisotropy and the
saturation magnetization increase with the increase of the particle size. Higher SAR values
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were shown when applied to a stronger field and larger sizes within a certain range, as
shown in Figure 1.10.69
Composition effect
Tuning the composition is a common way to control the magneto-crystalline
anisotropy of the nanoparticles.67,70 Although, for ferrite nanoparticles, the anisotropy
constant is related to the size, the magnetocrystalline anisotropy is mainly related to the
composition of the ferrite.71,72 The composition of the ferrite nanoparticles can be
controlled by changing the ratio between the organo-metallic complex reagents. Demirci
Dönmez et al. demonstrated the composition effect on the heating efficiency by comparing
cobalt, manganese, and nickel ferrite nanoparticles with similar sizes.73 The SAR values of
different samples were measured under the same condition (50 kA/m 195 kHz). The results
show that with a 2 mg/mL concentration in water, cobalt ferrite has the highest heating
efficiency while nickel ferrite has the lowest. Sathya et al. studied the relationship between
the SAR and cobalt content in CoxFe3-xO4 ferrite nanocubes.74 The result shows that for 20
nm particles, the SAR increases when the cobalt content increases (x=0.3, 0.4, 0.5, 0.6, and
0.7). The study from Mameli et al. shows that the SAR decreases with the substitution of
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Figure 1.11 SAR vs. field plot for the Fe3O4 spheres, cubes, and nanorods of roughly the
same volume (∼2000 nm3). Figure is reprinted from ref. 81. Copyright 2016 American
Chemical Society.
zinc for the cobalt ferrite nanoparticles.75 Changing the composition is a facile way to tune
the magnetic property of the ferrite nanoparticles, however, to optimize the heating
efficiency, the field parameters must be taken into account for the design of particle
compositions. Moreover, by using different metal substitutions, some interesting structures
like exchanged coupling can occur and significantly influence the heating ability of the
magnetic nanoparticles. This factor will be further discussed in the “special structures”
section.
Shape effect
The sphere is the least anisotropic (most isotropic) shape for a nanoparticle, thus,
other shapes like cube, octahedron, rods, and other shapes of particles were synthesized to
enhance the shape anisotropy of the ferrite nanoparticles by tailoring the synthetic
parameters.47,67,70,76 For example, previous studies showed improved heating efficiency of
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cubic magnetic nanoparticles than spherical nanoparticles.17,77–80 Das et al. analyzed the
shape effect on the heating efficiency of magnetic nanoparticles by comparing sphere,
cube, and rod-shaped particles with similar volumes under the same conditions.81 As shown
in Figure 1.11, under a certain field the particles with higher aspect ratios give higher SAR.
Although tuning the shape is an accessible way to improve the heating efficiency,
this factor is not focused on in this dissertation and all the particles used in this dissertation
are relatively spherical. For one thing, the synthesis of spherical particles is a very mature
and reproducible process comparing to the less studied anisotropic shapes. For another,
spherical particles provide the highest specific surface area which is important for the
surface modification that is crucial to functionalization of the particle surfaces. The surface
modification of the nanoparticles is briefly introduced and discussed in the sections below.
Special structures
Recently, some new strategies for enhancing SAR of magnetic nanoparticles with
sophisticated structures were found. For example, the design of core-shell hard-soft ferrite
nanoparticles enables the enhancement of anisotropy by bringing in an exchange-coupling
effect between the soft magnetic phase (such as Mn ferrite) and the hard magnetic phase
(such as Co ferrite). And because of the exchange anisotropy (Figure 1.12), the SAR can
be improved.

82–85

Apart from the particle structure, the particle assembly structure also

plays an important role in the magnetic heating of the nanoparticles. As shown in different
studies, the magnetic nanoparticles self-assemble into clusters with unique shapes and the
assembled structure can benefit the heating efficiency.86–90
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Figure 1.12 Schematic representations of magnetism tuning with exchange–coupling
interactions between the hard and soft phases of core–shell by controlling core–shell
parameters. Figure reprinted from ref. 85. Copyright 2017 Elsevier.
In this dissertation, the influence of the content of manganese in the manganese
substituted ferrites on the saturation magnetization was investigated to show how the
composition can change magnetic properties. The synthetic procedure of substituted
ferrites was optimized to synthesize monodisperse multi-metal substituted ferrite
nanoparticles with a core-shell structure. More studies on controlling the oxidation states
of metal cations and the crystalline structure of the synthesized ferrite nanoparticles were
done to ensure good properties that are needed for efficient MagMED.

Thermoresponsive polymers and applications of thermoresponsive polymers
Thermoresponsive polymers are a category of polymers that exhibit a drastic
change in the physical or chemical properties upon temperature change. Usually, this type
of thermoresponsive behavior is achieved in a polymer solution, where the
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Figure 1.13 Simple model of phase diagrams of LCST and UCST polymer solution
systems. The transmittance graphs on the top are example models to illustrate the phase
transition (change of solubility) at the critical solution temperatures. Figure reprinted
from ref. 91. Copyright 2019 Elsevier.
thermoresponsive polymers exhibit either a lower critical solution temperature (LCST) or
an upper critical solution temperature (UCST). An LCST polymer is soluble at a
temperature lower than the LCST at any concentration, while undergoes a phase transition
(or phase separation) at a temperature higher than the LCST at a certain concentration. A
UCST polymer is soluble at a temperature higher than the UCST at any concentration,
while undergoes a phase transition (or phase separation) at a temperature lower than the
UCST at a certain concentration (Figure 1.13).91 For biomedical applications, the
discussion of thermoresponsive polymer solution only considers aqueous conditions.
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UCST polymer systems
UCST polymers are an important class of thermoresponsive materials that
demonstrate reduced solubility upon cooling. This behavior is more intuitive and more like
the solubility-temperature relationship of sugar and salt. The solubility of UCST polymer
in an aqueous environment can be understood by the hydrogen bonding mechanism. Below
UCST, the inter-polymer interaction is stronger than the water-polymer interaction, while
above UCST the hydrogen bonding assists the interaction between polymer molecules and
water molecules to grow stronger than the inter-polymer interaction, thus the solubility
increases.91–93 Poly(N-acryloyl glycinamide) (PNAGA) as a UCST polymer was
synthesized via RAFT polymerization and showed a protein-like gelation behavior in an
aqueous solution.94 Poly(3-(N-2-methacryloyloxyethyl-N,N-dimethyl)ammonatobutanesulfonate was used for modification of graphene oxide for thermoresponsive ion-permeable
electrode materials.95 Poly(N-acryloyl glycinamide-co-N- phenylacrylamide) (P(NAGAmco-NPhAm) was synthesized via RAFT polymerization and attached to mesoporous hollow
silica nanoparticles to achieve near-infrared-irradiation controlled drug release.96 The
UCST polymer holds great opportunities in biomedical applications.
LCST polymer systems
Comparing to the UCST polymers, LCST polymers are more widely studied since
the monomers are more commercially available and the polymers are much easier to
synthesize.97 Upon temperature elevation, the water-polymer interaction becomes weaker
as hydrogen bonding breaks, and as a result, the LCST polymer exhibits a phase transition.
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N-isopropylacrylamide polymer(PNIPAm), or a polymer with similar structures, is one of
the most well-studied LCST polymers. The application of using PNIPAm usually relies on
the relatively sharp phase transition at around 32℃. Such material has been investigated as
a candidate for cell culture,98 cell encapsulation and delivery,99 and drug delivery.100,101
Polyethylene Oxide (PEO) based amphiphilic block copolymer is another category of
widely studied LCST polymers. Combining the hydrophilic PEO block with hydrophobic
blocks like polypropylene oxide (PPO), poly (lactic acid-co-glycolic acid) (PLGA), or
polycaprolactone (PCL), the copolymer is readily prepared in an aqueous solution and is
used as a self-assembly system. The self-assembly property of the block copolymer is used
for physically crosslinked hydrogels and drug loading micelles.91,102–104 Since the PEOPPO block copolymer Pluronic® and Tetronic® are commercially available from BASF,
there are enormous application studies of such materials. Herein, the use of this type of
materials for drug delivery applications is briefly reviewed in the following section.
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Use of thermoresponsive PEO-PPO block copolymers for drug delivery
PEO-PPO block copolymers such as Pluronic® and Tetronic® have been widely
studied and used in the pharmaceutical field due to their thermoresponsive and phasechanging properties. They exhibit self-aggregate/assembly, micellization, and gelation
with thermal stimuli, making them capable of encapsulating hydrophobic drugs at a
temperature above their LCST.105,106,107 The drugs can be stabilized and loaded into the
hydrophobic cores of the micelles which consist of the hydrophobic polypropylene oxide
sections, and the hydrophilic corona of polyethylene oxide sections offer the micelle
solubility and biocompatibility in an aqueous environment.108,109,110 Guo et al. showed the
possibility of modifying Pluronic F127 with poly(D,L-lactic acid) to adjust the LCST to
39.2 ℃, above 37 ℃, so that minimal drug release at normal body temperature and rapid

Figure 1.14 Schematic illustration of the drug loading and releasing mechanism. Reprinted
from Ref. 111. Copyright 2014 American Chemical Society.
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release at elevated temperature (40 ℃) caused by the hyperthermia in tumor cells was
achieved. 111 The mechanism (Figure 1.14) of drug delivery relies on the formation of
micelles of amphiphilic block copolymers. Doxorubicin (DOX) as a drug model, was
encapsulated with adsorption to the hydrophobic core inside the micelles. Folate was
decorated for a specific targeting purpose.
The four-arm PEO-PPO block copolymers, Tetronic®, are also studied and
evaluated as a potential drug loading material.112 Similar behavior was shown as they share
the same basic molecular structures. Besides encapsulation via micellization,107 to
solubilize hydrophobic drugs, studies on Pluronic® hydrogels,113 and Pluronic® decorated
drugs were also reported.110 Techniques such as differential scanning calorimetry (DSC),
dynamic light scattering (DLS), and rheology are typically used to study the physical
behaviors of this type of materials.105,106,114
The Mefford Research Group has rich experience in the synthesis and
functionalization of polyethylene oxide with various molecular weights,115,116 hence, more
efforts on the synthesis of multi-block PEO-based copolymer were made. In this
dissertation, the study on the synthesis of block copolymers with designed molecular
weights via anionic ring-opening polymerization is introduced and discussed. The first
attempt was to synthesize a 4-arm PEO-PPO block copolymer with a customized degree
of polymerization. By changing the configuration and degree of polymerization of the
blocks, the thermal properties of the polymers can be tuned. With further functionalization
of the polymer, applications like hydrogel adhesive and magneto-thermoresponsive
composite nanoparticles were proposed.
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Figure 1.15 Controlled release of DOX under high frequency magnetic field(50-100kHz,
15kW). Reprinted from Ref.119 Copyright 2012 Wiley.
Magneto-thermoresponsive composite nanoparticles
The idea of magneto-thermally triggered drug delivery relies on the combination of
the heating mechanism of magnetic nanoparticles and thermoresponsive drug loading
systems.117,118 Encapsulation of both drugs and magnetic nanoparticles was achieved using
nano-capsules.119,120 The drug release was achieved by increasing the permeability or
rupturing the nano-capsules caused by the heat generated from magnetic nanoparticles
when applying AMF. Combining with thermoresponsive polymers, thermoresponsive
magnetic nanoparticles can be produced.121 The magneto-thermally triggered drug delivery
systems were made through the mixing of thermoresponsive hydrogels with magnetic
nanoparticles,122,123 polymer micelles,124,125, and coating of thermoresponsive polymers via
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electrostatic force or chemical bonds.126,127 The efficacy of the synthesized polymernanoparticle complexes was tested at different conditions, with or without an external
heating source and magnetic stimulus. The materials are expected to have properties of
minimal drug release at low temperature or without AMF, while maximal release at high
temperature or with AMF.121 A good example of triggered release is shown in Figure
1.15.119 When the AMF is on the fast release of drug with a temperature increase is
observed. When the AMF is of the release rate is significantly lower.
Figure 1.16 shows an example of the experimental setup for evaluating the drug
delivery system.127 drug-loaded particles were put into a dialysis tube which is placed in a
cylinder, or a beaker filled with buffer solution under stirring. Drug release efficiency was
tested at 25 ℃ without AMF, 43 ℃ without AMF, and 25 ℃ with AMF. The amount of
drug released out of the dialysis tubing was examined via ultraviolet-visible spectroscopy
(absorbing wavelength, λ=485 nm) with predetermined calibration curves of DOX at 25℃
and 43℃.

Figure 1.16 Experimental setup for monitoring the release of doxorubicin from copolymermodified magnetic nanoparticles at 25 °C (a), at 43 °C (b) and at 25 °C by applying AMF
(c). Reprinted from Ref. 123. Copyright 2012 Royal Society of Chemistry.
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Currently, most synthesized magneto-thermoresponsive systems were created by
combining magnetic particles and thermoresponsive polymers already on the market, and
thus lacked a systematic study that optimized the properties of the materials. An effective
and efficient magnetically thermoresponsive system needs synergistic cooperation of the
applied field, magnetic nanoparticles, and thermoresponsive polymers. Therefore, in this
dissertation work, both the magnetic properties of the nanoparticle and the thermal
properties of the thermoresponsive polymers are systematically studied. The structureproperty relationships of the magnetic nanoparticles, as well as the thermoresponsive
polymers, were investigated with experiments and computational modeling. With better
understanding and control of the structure-property relationships, the magnetothermoresponsive composite nanoparticles are designed, synthesized, and characterized.
10 K PEO-PPO block copolymer ligands showed a phase transition temperature around 10
℃ in a 10% aqueous solution. Ideally, the polymer grafted particles should show a phase
transition temperature of around 40 ℃ (above body temperature 37 ℃ and below a typical
hyperthermia temperature 42-46 ℃).21 The loaded drug can be released with the
application of AMF while remaining minimum release without AMF.
Chapter 2 discusses the effect of manganese substitution of ferrite on the particle
microstructures. Manganese substituted ferrite nanoparticles of uniform sizes and shapes
were synthesized via thermal decomposition of metal oleate precursors and characterized
with transmission electron microscopy (TEM), vibrating sample magnetometry (VSM),
and X-ray diffraction (XRD). The measured results indicated defects in the crystals which
resulted in the reduction of saturation magnetization. Chapter 3 introduces a novel synthetic
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route to produce core-shell multi-metal substituted ferrite nanoparticles. The new two-stage
synthesis provides the ability to alter the nanoparticle properties by changing the synthetic
parameters like precursor species and precursor feeding time. Chapter 4 discusses the effect
of post-synthesis annealing of wüstite rich nanoparticles on the formation of spinel
structures. The annealing parameters are optimized and with the optimization, wüstite rich
particles with various sizes can be effectively oxidized to pure spinel ferrite particles.
Chapter 5 elucidates a systematic study on the structure-property relationship between the
degree of polymerization of the polymer blocks and the thermal property of the synthesized
PEO-PPO block copolymers. An empirical model is validated for guiding the strategic
synthesis of 4-arm PEO-PPO block copolymers. Chapter 6 discusses the synthesis and
characterization of magneto-thermoresponsive composite nanoparticles. Such composite
nanoparticles are made by combining the optimized materials from the previous chapters
and show great potential for future studies on magneto-thermally controlled drug delivery
applications. Finally, Chapter 7 concludes this dissertation and provides a few related
directions that need to be investigated in the future. The study in this dissertation allows
us to tune the properties of the magnetic nanoparticle and the thermal property of the
polymer ligands for a more precisely controlled drug release via magnetic actuation. A
higher releasing rate with AMF and a lower releasing rate without AMF are expected.
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CHAPTER TWO

EFFECT OF MANGANESE SUBSTITUTION ON THE FERRITE NANOPARTICLES
MICROSTRUCTURE

Introduction
Metal substituted ferrite nanoparticles (MexFe3-xO4, Me = Mn, Co, Ni, and Zn, etc.)
have been utilized in a variety of biomedical applications, including magnetic
hyperthermia,13,73 drug delivery,58,128–130 and magnetic resonance imaging (MRI) contrast
agents.26,30,131,132 MexFe3-xO4 ferrite has a spinel structure (AB2O4) that can be described as
a face-centered cubic arrangement of oxygen atoms where substitute metals and iron
located in the tetrahedral (A site) and octahedral (B site) sites. Saturation magnetization is
one of the most important characteristic properties of magnetic materials. It represents
“how magnetic” the material can be magnetized and is directly proportional to the sum of
the magnetic moments of the metal cations.133 As the magnetic moments in A sites and B
sites are antiparallel, the total magnetic moment of ferrite is dependent on the choice of the
metal cations and the distribution of cations between A and B sites.5 Therefore, such a
structure offers a great opportunity to tune the saturation magnetization of metal substituted
ferrites by changing the composition via chemical manipulations.
Among different transition metal ferrites, manganese substituted ferrite
nanoparticles have been used for magnetic heating83,84,134,135 and extensively studied as
candidates for T2 MRI contrast agents due to their high saturation magnetizations.49,136–141

32

To investigate the influence of the composition on the properties of manganese substituted
ferrite nanoparticles, several variations of the structures have been synthesized and
characterized. For example, Yang et al. reported that the composition of Mn0.43Fe2.57O4
offers the highest saturation magnetization (Ms=89.5 emu/g) and optimal T2 contrast
ability of nonstoichiometric manganese ferrite nanoparticles by testing compositions from
Mn0 to Mn1.06.142 Instead of having a maximum saturation magnetization, the study from
Li et al showed that for MnxFe3-xO4 (x= 0.11, 0.18, 0.29, 0.44, and 0.49), the saturation
magnetization minimizes at the composition of x=0.29 (Ms=59.3 emu/g).143 Another work
showed that when increasing the manganese content from x=0.13 to x=0.36 the saturation
magnetization decreased from 81 emu/g to 72 emu/g. Although the manganese ferrite
nanoparticles in the three examples mentioned above were synthesized by similar thermal
decomposition methods, there is no consistent relationship between the composition and
the saturation magnetization of the manganese ferrite nanoparticles. Therefore, in this
study, we wish to better understand how the composition of manganese ferrite influences
its saturation magnetization and attempt to explain the aforementioned discordance with
an analysis of the nanostructures in the nanoparticles.
Herein, manganese ferrite nanoparticles with precisely controlled size and
composition were synthesized via the thermal decomposition method, and magnetic
properties were measured afterward. Density functional theory (DFT) was used to calculate
the saturation magnetizations of manganese ferrites with the Mn cations arranged in
different interstitial sites within the bulk crystal structure and the results were compared
with the experimental results.
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Experimental
Materials for particle synthesis
Iron (Ⅲ) acetylacetonate, manganese (Ⅱ) acetylacetonate, styrene (≥99%), and
divinylbenzene (tech. 80%) were purchased from Sigma Aldrich; oleic acid (90%) was
purchased from Fisher Scientific; 1-octadecene (90%), docosane (90%) were purchased
from Acros Organics. Ethanol, hexane, acetone, and nitric acid were purchased from BDH.
All reagents were used without any further purification.

Synthesis of manganese ferrite nanoparticles using acetylacetonates
The synthetic procedure was reprinted from a reported method with adjustment.144
Briefly, to synthesize manganese ferrite nanoparticles (Acac sample, targeted 10 nm), iron
acetylacetonate and manganese acetylacetonate (3 mmol in total) were mixed in 3 mL oleic
acid and 5 mL 1-octadecene. The mixture was mechanically stirred and refluxed at 325 ℃
under constant flow (0.2 L/m) of nitrogen for 2 hours before cooling down to room
temperature. The composition of the nanoparticles was changed by changing the ratio
between iron and manganese precursors while keeping the total molarity constant to ensure
similar final sizes. The compositions for each batch were aimed at MnxFe3-xO4 (x=0, 0.25,
0.5, 0.75, and 1) and were thus named Mnx-Acac (x=0, 0.25, 0.5, 0.75, and 1).
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Synthesis of manganese ferrite nanoparticles using oleates
The synthetic procedure was reprinted from a previous study with changes.51,142
Briefly, iron (Ⅲ) oleate (or manganese (Ⅱ) oleate) were made by reacting 40 mmol ferric
chloride (or manganese (Ⅱ) chloride) salts with 120 mmol sodium oleate (80 mmol for
manganese oleate) in a refluxing solvent mixture of hexane (140 mL), ethanol (80 mL),
and water (60 mL) for 4 hours. The metal oleates were obtained by evaporating hexane
from the upper layer and precipitated by washing with acetone. The final waxy solid was
dried in a vacuum oven overnight at room temperature before use. To synthesize
manganese ferrite nanoparticles (Oleate-1 sample, targeted 10 nm), iron (Ⅲ) oleate and
manganese (Ⅱ) oleate (3 mmol in total) were mixed in 3 mL oleic acid and 15 mL 1octadecene. The mixture was refluxed and mechanically stirred under nitrogen at 365 ℃
for 1.5 hours. This series is named Mnx-Oleate-1 (x=0, 0.25, 0.5, 0.75, and 1).
To synthesize larger particles (Oleate-2 sample, targeted 20 nm), 9 mmol metal
oleates, 9 mL oleic acid, and 9 mL 1-octadecene were used, and this series is named MnxOleate-2 (x=0, 0.25, 0.5, 0.75, and 1).
After the reaction, the product was washed by mixing the product with 60 mL
ethanol and centrifuged at 10000 rpm for 3 min to precipitate the particles. The washing
process was repeated until the supernatant became clear.
Transmission electron microscopy (TEM) analysis
Electron microscopy was conducted at the AMRL EM facility, Clemson
University, and the Center for Integrated Nanotechnologies, Sandia National Laboratories.
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TEM images for size analysis were taken using Hitachi H7830 at 120 kV with 200 mesh
carbon-coated copper grids. High-resolution transmission electron microscopy (HRTEM)
images were taken on an FEI Titan ETEM 800-300 (FEI, Hillsboro, Oregon) with Image
Cs corrector, operating at 300 kV. Energy dispersive x-ray spectroscopy (EDS) mapping
was done using Hitachi SU9000 under 60 kV. The images were further analyzed through
Image J (NIH, open-source). Size distribution was obtained by randomly selecting more
than 300 distinct particles from images with a magnification of x100k.
Vibrating sample magnetometry (VSM)
VSM was done using a physical property measurement system (PPMS, Quantum
Design, Inc.) The samples were prepared by fixing the particles in the matrix of poly
styrene-divinylbenzene.145,146 Magnetization curve was measured with a maximum field of
20000 Oe (1595.4 kA/m) at 5 K and 300 K, respectively. Inductively coupled plasma optic
emission spectroscopy (ICP-OES) was used to determine the mass of metal elements in
each sample with sample digestion. The mass of particles was then calculated by assuming
the particles have a MnxFe3-xO4 structure. The mass of particles was further used for
converting measured magnetic moment (emu) to magnetization (emu/g, Am2/kg).
Inductively coupled plasma optic emission spectroscopy (ICP-OES)
Samples were placed into 20 mL scintillation vials and incubated at 500 ℃
overnight under ambient air. The resulting solids were then dissolved with 70% nitric acid
(1 mL) at 100 ℃ and kept heating until completely dry. Then 10 mL 2% nitric acid was
added into each vial and vortexed for 3 min to ensure solvation. The sample solutions were

36

filtered through 0.2 μm syringe filters before measurement. Standard solutions (100 ppm,
50 ppm, 10 ppm, 5 ppm, 1 ppm, and 0.5 ppm) containing iron and manganese were
prepared by diluting a standard purchased from VWR. The measurement was conducted
with a Thermo Scientific iCAP 7200 ICP-OES in radial mode using the standard instrument
operating conditions. Optical emission was monitored at the wavelengths of 259.940 nm
(Fe) and 257.610 nm (Mn).

X-ray diffraction
Powder x-ray diffraction (XRD) was performed with a Rigaku Ultima
diffractometer. The particles were dispersed in n-hexane (approximately 50 mg/mL) and
then dropped on a glass substrate. The particles were then deposited by the evaporation of
the solvent. All samples were scanned with 0.5° /min from 25° to 65° with a copper Kα xray (λ=1.54 Å). The results were analyzed using PANalytical X’Pert HighScore Plus.

DFT calculations
Simulated structures were based on the bulk structure of Fe3O4 (magnetite). We
specifically employed a supercell with an initial stoichiometry of Fe24O32. Bulk magnetite
is a spinel structure comprising tetrahedrally and octahedrally coordinated metal ions. A
total of up to eight Mn ions were substituted into the tetrahedral or octahedral sites, yielding
normal or inverse spinel structures, respectively. Five compositions of manganese
substituted ferrites were tested: Mn0Fe3O4, Mn0.25Fe2.75O4, Mn0.5Fe2.5O4, Mn0.75Fe2.25O4,
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Mn1Fe2O4. DFT calculations were performed with the VASP (Vienna Ab initio Simulation
Package) software. Electron exchange and correlation were treated using the PerdewBurke-Ernzerhof (PBE) functional with the energies of core electrons being simulated
using the projector augmented wave (PAW) pseudopotentials to a cut-off energy of 520
eV. All calculations included spin-polarization. The DFT+U formalism was utilized to
capture the strong Coulombic repulsion for 3d electrons on the Mn and Fe atoms and to
further prevent the delocalization of electrons in these semiconducting materials.
Electronic structures were converged self-consistently until the difference in electronic
energies between subsequent steps fell below 10−6 eV. Unit cell relaxations were first made
to allow cell volume changes, restricting ionic positions. Once converged, geometric
relaxations were performed restricting the cell volume and cell shape but allowing the ionic
positions to change. From the final converged electronic and geometric states of each
structural arrangement, saturation magnetization could be the quotient of total magnetic
moment and the unit cell volume.
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Results and discussion
Experimental particle size and composition analysis
To study the influence of manganese content on the magnetic properties of
manganese substituted ferrite nanoparticles, we need to have good control of particle size
and morphology since these factors also influence the magnetic properties of ferrite
nanoparticles. The sizes of the particles were determined by TEM. The results are shown

Figure 2.1 TEM image and size distribution histogram of Mn0-Oleate-2 (left); the size
summary of three series (right).
in Table 2.3 and plotted in Figure 2.1 (right). Although the composition of each batch
varied, for each series of samples, the particle diameters stayed relatively close to the target.
It seems that changing the ratio between the iron precursor and manganese precursor did
not play a significant role in changing the overall particle sizes. It is important to exclude
the size effect on the magnetic properties to find the relationship between the magnetic
properties and the compositions of the particles, thus, the synthetic methods provided good
materials for further measurements.
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The composition of the nanoparticle samples was measured with EDS and ICPOES. The two measurements have their own merits. We used EDS mapping to analyze the
elemental distribution in the particles, as shown in Figure 2.2. Both iron and manganese
are evenly distributed in all the particles of Mn0.75-Acac. ICP-OES measures the overall
mass of metal elements in the digested sample, while EDS gives the relative amount of
each element at a microscopic level. This means that both ICP-OES and EDS can be used
for calculating the composition of the particle samples if we assume a MnxFe3-xO4 formula.

Figure 2.2 EDX mapping of Mn0.75-Acac sample.
Taking the Acac series as an example, as shown in Figure 2.3, both ICP-OES and EDS data
are close to the targeted composition with differences within acceptable error. Therefore,
for the two oleate series, we used ICP-OES as a standard method to analyze the
composition of each sample, and the results are shown in Table 3.1. The manganese content
in the Oleate-1 and Oleate-2 series was lower than the targeted level, which may be caused
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by the oleate impurities in the oleate precursors. The measurement of ICP-OES on the VSM
sample is critical to the analysis of the VSM data because the measured magnetic moment
is proportional to the total quantity of the magnetic particles in each measured sample. With
ICP-OES, the total mass of iron, manganese, and ferrite particles, can be calculated, and
the mass of particles was then used to normalize the magnetic moment.
Table 3.1 The value of x in a MnxFe3-xO4 composition calculated from ICP-OES data.
(Assuming each batch has a uniform structure).
Mn0

Mn0.25

Mn0.5

Mn0.75

Mn1

Acac

0.00

0.24

0.42

0.70

1.00

Oleate-1

0.07

0.18

0.32

0.47

0.64

Oleate-2

0.01

0.20

0.35

0.69

0.78
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Magnetic measurements

Figure 2.3 Comparison between composition measured by ICP-OES and EDS.
The magnetic moment value measured by VSM is proportional to the total mass of
magnetic particles. To know the accurate mass of particles in each sample, the VSM
samples are digested and measured by ICP-OES. The magnetization curves are measured
with a maximum field of around 1600 kA/m. An example of the magnetization curves of
the 20 nm Oleate-2 series is shown in Figure 2.4. The magnetization at 5 K is slightly larger
than the magnetization at 300 K for each sample. At 300 K, there is no obvious coercivity
for the samples measured at 300 K
Table 2.2 Saturation magnetization (VSM) at 300 K of particles of different batches
(Am2/kg).

Acac

Mn0

Mn0.25

Mn0.5

Mn0.75

Mn1

45.59

42.61

22.67

19.87

12.45
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Oleate-1

56.69

56.40

43.34

32.40

23.45

Oleate-2

72.89

62.84

44.99

27.37

25.42

showing a typical superparamagnetic behavior. As seen in Figure 2.4, the saturation
magnetization of each sample differed significantly, and the saturation magnetization
values at 300 K for all samples are presented in Table 2.2. To better draw a saturation
magnetization-composition relationship, the data are plotted in Figure 2.5. The
experimental data showed that for each composition, particles with larger sizes generally
had higher saturation magnetizations and for the same size particles the saturation
magnetization had a downward trend with the increase of manganese content. The fitted
lines are used to show the general trend of the saturation magnetization-composition
relationship (does not necessarily mean a linear relationship) for each series of particle
samples. In theory, because Mn2+ gives the highest magnetic moment among the 3d metals,
the incorporation of manganese into the ferrite structure should provide a higher saturation
magnetization. However, the experiment produced counter-intuitive results. We hence

Figure 2.4 Magnetization curves of 20 nm Oleate-2 samples at 5 K and 300 K.
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used DFT calculations to investigate the influence of composition on saturation
magnetization in comparison with the experimental results.
Comparison between computational and experimental (20 nm Oleate-2) results are shown

Figure 2.5 Saturation magnetization at 300 K of different samples (left). Comparison
between computational and experimental (Oleate-2, 20 nm) data of different levels of Mn
substitution (right).
in Figure 2.5 (right). While the calculated results indicate that the saturation magnetization
increases with increasing manganese substitution, consistent with theoretical bulk literature
values133 for manganese ferrites, the opposite relationship is shown for experimental
results. As the computational results are based on pristine bulk structures, this led us to
investigate the microstructures of the nanoparticles to seek possible explanations for the
discrepancy between the computational results and experimental results.
Crystallographic analysis
The origin of the reduction of magnetization of iron oxide was analyzed and
reported previously.147 It seems that the reduction of magnetization is due to the impurities
in the crystalline structures of the nanoparticles. To further study the crystal structure of
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the nanoparticles and explain the discrepancy between the computational and experimental
results, the particles were measured by XRD and HRTEM.
The XRD showed that all the samples with different Mn content have a spinel
structure (manganese ferrite or magnetite) as shown in Figure 2.6. The nano-size of the
particles contributes to the peak broadening in the diffractogram significantly, and the
crystallite

size

Crystallite size =

can

be

estimated

by

applying

Scherrer’s

equation:

Kλ
, where K is the shape factor and K=0.94 for this case.
FWHM × Cos (θ )

Figure 2.6 XRD result of 20 nm Oleate-2 samples.
FWHM is the full width at the half maximum of the selected peak. λ is the wavelength of
the X-ray (Cu Kα, 1.54 Å), and θ is the diffraction angle. The lattice parameters can be
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calculated using Bragg’s equation d =

nλ
, where d is the interplanar distance and n
2sin (θ )

is the diffraction order. For a face-centered cubic structure, the lattice parameter

a=

h2 + k 2 + l 2
, where (hkl) is the corresponding Miller index of the diffraction plane.
d2

The most intense peak at the (311) plane was selected to estimate the crystallite size and
lattice parameter, and the results are listed in Table 2.3.
Table 2.3 Particle sizes measured by TEM in comparison with crystallite sizes and lattice
parameters measured by XRD.
TEM mean size XRD

Acac

Oleate-1

crystallite

Lattice
parameter (Å) (3

(nm)

size (nm) (311)

Mn0

11.0 ±3.1

3.5

8.3

Mn0.25

7.7±2.1

3.9

8.4

Mn0.5

7.4±1.5

3.1

8.5

Mn0.75

8.3±2.5

3.5

8.4

Mn1

7.6±2.1

2.7

8.6

Mn0

9.5±0.7

4.9

8.3

Mn0.25

10.1±0.7

4.6

8.4

Mn0.5

9.4±0.8

3.9

8.4

Mn0.75

9.9±0.7

3.7

8.5

Mn1

9.8±0.8

4.1

8.4
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1 1)

Oleate-2

Mn0

20.5±1.3

10.9

8.3

Mn0.25

21.0±1.4

9.4

8.4

Mn0.5

17.8±1.1

7.6

8.4

Mn0.75

23.8±2.8

6.8

8.5

Mn1

20.3±1.6

6.3

8.5

The plots in Figure 2.7 showed the influence of composition on the crystallite size
and the lattice parameter. The fitted lines are only for drawing the general trends and they
do not necessarily mean the relationships are linear. As seen in Figure 2.7, regardless of
the synthetic method and the size of the particles, for each series, when increasing
manganese content, the crystallite size decreased, and the lattice parameters increased. The
lattice parameter increase with the metal substitution was previously reported for zinc
substitution.75,148,149 Comparing to the particle sizes measured by TEM, the crystallite sizes
are much smaller. The particles either have very low crystallinity or have polycrystalline
structures. Figure 2.8 revealed the microstructures inside the 20 nm Oleate-2 particles. Fast

Figure 2.7 Crystallite sizes (left) and Lattice parameters (right) of different samples
calculated from XRD results.
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Fourier Transformation (FFT) of a selected particle showed that the particles are highly
crystalline, and the Inverse Fast Fourier Transformation (IFFT) operation on the brightest
spot enabled us to see the lattice planes in the particles, as shown in Figure 2.8 c) and f). In
the IFFT images, Figure 2.8 c) and f), lattice defects are seen especially for the samples
with manganese substitution. It seems that the addition of manganese during the synthesis
induced the formation of defects in the crystals and this also partially explains the increase
of lattice parameters with manganese substitution. The lattice parameters were calculated
from the peak shift in the XRD diffractograms, which exhibits the overall value of the sum
of particles instead of a single particle. Such defects also resulted in smaller crystallite sizes
than the particle sizes and could also explain the reduction of magnetization of the
manganese substituted ferrite particles. Unfortunately, in the previous studies related to
substituted ferrite materials, insufficient attention was paid to the control of microstructures
of the nanoparticles via chemical synthesis, which led to the inconsistency concerning the
composition-property relationships as discussed in the introduction. Undoubtedly, more
efforts on improving the crystallinity of the synthesized particles are needed to reconcile
the experimental results with the computational results. With better control of the
crystallinity of the synthesized nanoparticles, more understandings of the structureproperty relationship will be explored in the future.
Conclusion and outlook
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In this study, to study the correlation between the composition of manganese
substituted ferrite nanoparticles and their saturation magnetization, nanoparticles were
synthesized and characterized with precisely controlled size and compositions. The
saturation magnetization was experimentally measured by VSM and calculated with DFT.
The computational data suggested that the saturation magnetization increases with
increasing the manganese content, while the experimental saturation magnetization
becomes lower at higher manganese substitution levels. Further analysis of the structure of
the nanoparticles indicates that the incorporation of manganese results in the formation of
defects in the crystalline structure and the shrinkage of the crystallite size, which leads to

Figure 2.8 HRTEM image of 20 nm Oleate-2 samples. a) HRTEM image of Mn0 Oleate2 and FFT image of marked area; b) Zoom-in image of marked area in a); c) Inverse FFT
image of FFT in a). d) HRTEM image of Mn1 Oleate-2 and FFT image of marked area;
e) Zoom-in image of marked area in d); c) Inverse FFT image of FFT in d). Line defects
(edge dislocation) and boundaries are clearly shown in the circled dark areas.

49

the reduction of saturation magnetization of the ferrite particles. This unexpected structure
encourages us to put more effort into the synthesis of ferrite nanoparticles with minimized
crystalline imperfections.
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CHAPTER THREE

SEED-MEDIATED DRIP SYNTHESIS OF HARD-SOFT CORE-SHELL FERRITE
NANOPARTICLES
Most of the work in this chapter previously appeared in:
Yan Z, FitzGerald S, Crawford TM, Mefford OT. Manganese and cobalt substituted ferrite
nanoparticles synthesized via a seed-mediated drip method. Journal of Physics: Materials.
2021 May 17;4(3):034013.
Introduction
Over the past few decades, magnetic nanoparticles have been extensively
developed as potential devices for medical applications, such as magnetic hyperthermia,
magnetic resonance imaging (MRI), magnetic particle imaging (MPI), and drug delivery,
etc.3,30,35,150,151 Iron oxide-based nanoparticles have drawn tremendous attention because of
the ease of synthesis, moderate biocompatibility, and good tunability of the
properties.152,153 Thermal decomposition is one of the most commonly used synthetic
approaches for making iron oxide-based nanoparticles.44 It generally offers good control
of the size and composition of the particles, thus it also provides precise control of the
magnetic properties of the nanoparticles.48,67,70 To synthesize iron oxide-based
nanoparticles with various sizes and compositions, methods with metal fatty acid salts or
metal acetylacetonate salts as precursors have been developed.51,144 The appeal of these
synthetic routes is that to control the size and composition of the final product, only
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concentration or relative ratios of precursors, solvents, and surfactants need to be changed
while not requiring the alteration of the reaction temperature. Apart from a one-pot
reaction, reactions with continuous addition of precursors were also developed to enhance
the size control of the nanoparticles.64–66 This method extended LaMer’s mechanism and
achieved continuous growth of the particles by feeding precursors throughout the reaction
without changing the starting stage of the reactions.
Beyond controlling the size of the particles, some researchers have developed
methods to control the magnetic properties of the nanoparticles by changing the
composition of particles. As thoroughly explained by Alberto López-Ortega, et al.154 and
Fei Liu, et al.,155 nanoparticles containing both soft and hard magnetic phases potentially
expand the selection pool of iron oxide-based nanomaterials significantly by broadening
the range of magnetic properties of the ferrites through exchange coupling. Previous studies
have shown great promise in using a core/shell exchange-coupled structure design to
improve the magnetic properties of the nanoparticles and thus their performance for
specific applications.79,83,156–158 It is worth noting that all these core/shell particles were
synthesized via a seed-mediated growth method similar to the method which Shouheng
Sun, et al. used for controlling the size of the particles.144 The mechanism was to separate
the nucleation stage from the growth stage of the particles to achieve a narrow size
distribution; therefore, a typical seed-mediated particle synthesis requires multiple steps of
reaction and purification.
Our research group previously has reported using an “extended LaMer” method
(also described as the drip synthesis) to successfully produce cobalt ferrite nanoparticles
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with narrow size distribution.60 Herein, we describe the combination of the conventional
seed-mediated synthesis with the drip synthesis (seed-mediated drip synthesis) to make
manganese and cobalt substituted ferrite particles. This method significantly decreased the
complexity of the whole synthesis process without having to stop at the first stage of seed
particle synthesis. The growth of the particles and the incorporation of each metal element
were monitored, and the final products were characterized afterward.
Experimental
Metal oleate precursor synthesis
The metal oleate precursors were synthesized by a reflux reaction. 40 mmol cobalt
(II) chloride (97% anhydrous, Acro Organics) or manganese (II) chloride (97% anhydrous,
Acro Organics), 80 mmol sodium oleate (97%, TCI America), 80 mL ethanol (denatured
ACS, VWR Chemicals BDH), 60 mL deionized water (DI water) and 140 mL hexane
(mixture of isomers, 98.5% ACS, VWR Chemicals BDH), were mixed and heated to reflux.
Once the temperature stopped rising, the reflux was kept at that temperature for 4 hours.
The upper organic layer (hexanes) was collected separating from the lower aqueous layer
using a separatory funnel and washed with DI water three times after the reaction was
completed. The hexane was then evaporated off using rotary evaporation and the resulting
viscous liquid product was then washed with acetone and precipitated by centrifugation
(10000 rpm, 10 min) several times until a clear supernatant was obtained. The final
precipitation was dried in a vacuum oven at room temperature for 24 hours yielding a waxy
solid with a purple (cobalt oleate) and a brown (manganese oleate) color. The solid oleate
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precursors were then dissolved in 1-octadecene (tech 90%, Acro Organics) to make 0.1
mmol/mL solutions for injection.
Thermal gravimetric analysis of precursors and pre-synthesis experiments
Before synthesizing nanoparticles with core/shell structure, thermal gravimetric
analysis (TGA) of precursors was done to obtain the decomposition temperature of each
precursor. Then, a set of control experiments to synthesize particles with a composition of
Mn0.5Co0.5Fe2O4 was done to choose a good combination of precursors and conditions for
monodisperse particles. 5 batches of reactions were done with 2 mmol of iron precursor,
0.5 mmol of manganese precursors, and 0.5 mmol of cobalt precursors. The acetylacetonate
(acac) and oleate precursors were added to the reaction flask before reaction (one-pot) or
via injection while heating (drip) and the reactions were kept at 360 ℃ for 100 min. The
precursors were added to the reaction flask either before heating or while heating. The
procedures are as follows:
a)

Acac one pot

2 mmol Fe acac, 0.5 mmol Co acac, and 0.5 mmol Mn acac were charged into a
100 mL reaction flask and mixed with 3 mL oleic acid and 10 mL 1-octadecene. The
reaction flask was heated at 360 ℃ for 2 hours under 0.3 L/min nitrogen gas flow.
b)

Oleate one pot

2 mmol Fe oleate, 0.5 mmol Co oleate, and 0.5 mmol Mn oleate were charged into
a 100 mL reaction flask and mixed with 3 mL oleic acid and 10 mL 1-octadecene. The
reaction flask was heated at 360 ℃ for 2 hours under 0.3 L/min nitrogen gas flow.
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c)

Oleate drip

3 mL oleic acid was added into a 100 mL reaction flask. The reaction flask was
heated at 360 ℃under 0.3 L/min nitrogen gas flow and inject a solution of about 10 mL 1octadecene solution containing 2 mmol Fe oleate, 0.5 mmol Co oleate, and 0.5 mmol Mn
oleate with an injection rate of 5 mL/h while reacting for 2 hours.
d)

Fe Co oleate one pot + Mn oleate drip

2 mmol Fe oleate, 0.5 mmol Co oleate, 3 mL oleic acid, and 5 mL 1-octadecene
were mixed in a 100 mL reaction flask. Heat the reaction flask at 360 ℃ for 1 hour under
0.3 L/min nitrogen gas flow. Then 5 mL 1-octadecene solution containing 0.5 mmol Mn
oleate was injected at 5 mL/h while heating for another hour.
e)

Fe Co acac one pot + Mn oleate drip

2 mmol Fe acac, 0.5 mmol Co acac, 3 mL oleic acid, and 5 mL 1-octadecene were
mixed in a 100 mL reaction flask. The reaction flask was heated at 360 ℃ for 1 hour under
0.3 L/min nitrogen gas flow. Then 5 mL 1-octadecene solution containing 0.5 mmol Mn
oleate was injected at 5 mL/h while heating for another hour.
TGA of the precursors was done under nitrogen from room temperature to 600 ℃
with a ramping rate of 20 ℃/min. The data was analyzed using the TA Universal Analysis
software.
Seed and drip synthesis of core/shell particles
A manganese ferrite/cobalt ferrite core/shell structure was targeted for particle
synthesis. The reaction consists of two stages, the first stage of the seeding reaction process

55

was first done followed by the second stage of the injection of oleate precursors. To make
particles with manganese-rich core and cobalt-rich shell (MnFe+Co), 2 mmol iron (III)
acetylacetonate (99+%, Acro Organics), 0.5 mmol manganese (II) acetylacetonate (SigmaAldrich) were mixed with 0.3g 1,2-hexadecanediol (tech. 90%, Sigma-Aldrich), 3mL oleic
acid (tech. 90%, Alfa Aesar) in a 100 mL flask and heated at 360℃ for 40 min. Then, the
second precursor solution of cobalt oleate was injected into the reaction at 10 mL/h for 1
hour. Aliquots were taken every 20 min to monitor the growth of the particles. In the same
way, particles with cobalt-rich core and manganese-rich shell particles (CoFe+Mn) were
also made by starting with cobalt (II) acetylacetonate (99%, Acro Organics) followed by
the injection of manganese oleate. The reactions were done under a continuous flow (0.3
L/min) of nitrogen gas. After the reaction, the particles were washed with ethanol and
precipitated by centrifugation (10000 rpm, 5 min). The precipitation was then dissolved in
hexane or dried under a vacuum for later sample preparation for characterization.
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Characterization methods
Transmission electron microscopy (TEM) images were acquired mainly using a
Hitachi HT7830 at 120 kV. The images were analyzed for particle size distribution by
Image J (NIH, open-source) with a minimum of 300 particles. Energy-dispersive X-ray
spectroscopy (EDX) mapping was done using a Hitachi SU9000EA at 30 kV. The grids
were pre-incubated in a vacuum oven at 80 °C overnight and treated with a UV cleaner to
remove excess organic layers before the measurement. The measured area was selected and
monitored in a high-angle annular dark-field (HAADF) scanning transmission electron
microscope (STEM) mode.
Table 3.1 Decomposition temperature of precursors acquired from TGA.
Precursor

Decomposition

temperature

(℃)

Precursor

Decomposition temperature
(℃)

Mn acac

242

Mn oleate

319

Fe acac

192

Fe oleate

348

Co acac

180

Co oleate

353

Powder x-ray diffraction (XRD) was performed with a Rigaku Ultima IV
diffractometer. The particles were well dispersed in hexane (approximately 50 mg/mL) and
then dropped on the glass substrate and the particles were deposited on it after the
evaporation of the solvent. All samples were scanned with 0.5°/min from 15° to 80° with
a copper Kα x-ray (λ=1.54Å). The XRD results were analyzed using Profex.159,160
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The magnetometry was done using the VSM option of a physical property
measurement system (PPMS) (Quantum Design). Magnetization-field(M-H) curves were
measured at 300 K; zero-field cooling/field cooling (ZFC/FC) measurement was done with
a 100 Oe (7980 A/m) magnetic field. The samples were made by curing the particle samples
into a polymer matrix. Briefly, a stock solution of a mixture of monomers and initiator was
made by mixing 3 mL of styrene (≥99%, Sigma Aldrich), 450 μL of divinylbenzene(DVB)
(tech. 80%, Sigma Aldrich), and 10 mg of azobisisobutyronitrile (AIBN) (98%, Sigma
Aldrich). Then the dried particles were dissolved into this stock solution with a
concentration of 6 mg/mL. Then the particle solution was cured inside a glass tube with an
inner diameter of 1.5 mm and length of 3 cm at 90 ℃ for 1 hour. The glass sheath was
cracked, and the plastic/particle sample was cut into a 4 mm long pellet that was then
mounted to the VSM sample holder.

Figure 3.1 TGA of precursors, acetylacetonate precursors (a) and oleate precursors (b). The
decomposition temperatures of acetylacetonate precursors are much lower than the
decomposition temperatures of oleate precursors.
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The samples in the polymer matrix after VSM measurement were decomposed at
500 ℃ and dissolved with 20 mL 2% nitric acid. The quantity of each element in the
samples was determined through calibration curves constructed with corresponding
standards with inductively coupled plasma (ICP) optical emission spectroscopy (OES). The
results were then compared with the elemental analysis from EDX results and used for
normalizing the data of VSM.

Figure 3.2 Particle growth analysis of MnFe+Co sample from TEM. The mean diameter
at the end of seeding stage(40 min) was 16.3±3.4 nm, and the mean diameter at the end of
dripping stage(100 min) was 17.6±3.3 nm.
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Figure 3.3 Composition evolution of MnFe+Co sample assuming a MnxCoyFe(3-x-y)O4
formula. The composition at 40 min stayed the same as the feeding composition of
acetylacetonate precursors. After 40 min, cobalt content increased while manganese
content decreased, and reached a final composition of Mn0.18Co1.04Fe1.78O4 at 100 min.

Results and discussion
Determination of synthetic approach
The TGA results are shown in Figure 3.1 and Table 3.1. The manganese precursors
have the highest decomposition temperature among the acetylacetonate precursors and the
lowest decomposition temperature among the oleates precursors, while the cobalt
precursors have the lowest decomposition temperature among the acetylacetonate
precursors and the highest decomposition temperature among the oleate precursors. This
trend may be due to the electron affinity difference among the three metal cations. The
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reaction temperature of the synthesis was chosen at 360 ℃, mainly because the
decomposition of cobalt oleate happens at around 353 ℃. A reaction temperature higher
than the decomposition temperature of the precursor is necessary to assure a rapid
decomposition of the precursors and successful incorporation of the metals.

Figure 3.4 TEM images of particles synthesized with different precursor and synthetic
conditions.
To make Mn0.5Co0.5Fe2O4 particles, 5 candidate approaches were tested. Different
types of precursors or precursor solutions were added successively or at once. Figure 3.4
showed the resulting products. The approach with a one-pot seeding reaction with
acetylacetonate precursors followed by the injection of oleate precursor was found to give
the best monodispersity. The precursors of different metal species decompose at different
temperatures; thus, the decomposition rates differ at a certain reaction temperature. The
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TGA results indicated acetylacetonate precursors have generally lower decomposition
temperatures than the oleates; therefore, acetylacetonates were selected as the starting
precursors for the seeding stage and oleates for the dripping stage, which can benefit the
separation of nucleation and growth.

Figure 3.5 TEM and distribution histograms of aliquots. MnFe+Co showed bimodal
distribution after 40 min, and CoFe+Mn showed monodispersity.
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Seed-mediated drip synthesis of core/shell particles
To make a core/shell nanoparticle, we chose manganese and cobalt as substituting
metals, as these core/shell and soft/hard composite ferrite nanoparticles have been
successfully made via conventional seed-mediated growth methods and have shown great
potential for the application of magnetically modulated energy delivery.83,84,161 Iron
acetylacetonate and iron oleate are the two commonly used precursors.70 We used the new
seed-mediated drip synthesis method to produce two types of particles that may have
core/shell structures by starting the seed reaction via decomposition of iron acetylacetonate
along with manganese or cobalt acetylacetonate respectively, followed by the injection of
oleate precursors of the other metal (acetylacetonates+oleate). The first stage of the 40minute seed reaction of metal acetylacetonates made monodisperse nanoparticles as seeds
for the second stage of particle growth. When the second stage of precursor injection started
at 40 min, the species of the reagents and their concentration changed and as a result, the
growth of the particles was changed accordingly. Figure 3.2 illustrates the particle growth
throughout the reaction for sample MnFe+Co. Nucleation was observed to start relatively
fast, wherein the first 20 minutes of reaction had already provided particles of around 15.5
nm in diameter. The growth rate slowed down after 40 minutes. After a 60-minute injection
of the cobalt oleate precursor, the mean diameter of the particles grew from 16.3±3.4 nm
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Figure 3.6 EDX mapping of different elements of CoFe+Mn sample a) BF image, b) DF
image, c) oxygen, d) iron, e) manganese, f) cobalt. All particles have the three metal
elements, and the metal elements are uniformly distributed without showing a
distinguishing core/shell structure.
to 17.6±3.3 nm. The TEM images and corresponding histograms of MnFe+Co samples are
shown in Figure 3.5. The particles after 40 minutes, compared to 20 minutes, have a
bimodal distribution which indicates an ongoing nucleation event. With the addition of a
second precursor of cobalt oleate, both the small and large seeds started to grow larger after
40 minutes. This is likely due to the decomposition temperature of Mn acac is about 50 ℃
higher than Fe acac. According to the size analysis we discussed above, the mean shell
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Nonetheless, the same seed-mediated drip method was also used for making cobalt-rich
core manganese-rich shell particles(CoFe+Mn), Co acac and Fe acac have very close
decomposition temperatures, which led to more uniform nucleation and thus, more

Figure 3.7 EDX mapping of metal elements of CoFe+Mn and MnFe+Co. CoFe+Mn
particles are more monodispersed than MnFe+Co particles. Some of the particles in
MnFe+Co samples have very low cobalt content indicating a nucleation process during the
dripping stage.
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Figure 3.8 EDX line scan of a single particle(left) and EDX spectrum(right) of MnFe+Co
(100 min).
monodispersed particles(19.0±1.9 nm) at the final stage (100 minutes). The size of the
particles was mostly determined by the seeding stage of the synthesis and the species of
the precursor of choice played a critical role in controlling the size distribution of the final
product.
Structure analysis of the synthesized particles
Table 3.2 Elemental analysis of the particle samples (100 min) from EDX and ICP-OES.
Mn

Co

Fe

x in MnxCoyFe3-x- y in MnxCoyFe3-x- 3-x-y in MnxCoyFe3-xyO4

yO4

yO4

EDX

ICP-OES

EDX

ICP-OES

EDX

ICP-OES

MnFe+Co

0.18

0.21

1.04

0.97

1.78

1.82

CoFe+Mn

0.31

0.35

0.74

0.86

1.95

1.79

The contents of each element in the MnFe+Co particles were analyzed by
measuring aliquots via energy-dispersive X-ray spectroscopy (EDX) and the results are
listed in Table 3.2. The compositional progression is plotted in Figure 3.3. The Mn/Fe ratio
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of the particle sample matches with the starting precursor ratio at the end of the seeding
stage within 40 minutes, however, after 40 minutes, the Co content started appearing in the
particles and kept increasing through the rest of the reaction because of the injection of the
cobalt oleate precursor. The Mn content kept decreasing with the injection of cobalt oleate
after 40 minutes which was probably caused by the substitution of the Mn2+ ions by the
Co2+. Assuming the particles have a typical spinel ferrite 𝑀𝑀𝑀𝑀𝑥𝑥 𝐶𝐶𝐶𝐶𝑦𝑦 𝐹𝐹𝐹𝐹(3−𝑥𝑥−𝑦𝑦) 𝑂𝑂4 formula,

the composition of the MnFe+Co particles grew from 𝑀𝑀𝑀𝑀0.41 𝐶𝐶𝐶𝐶0 𝐹𝐹𝐹𝐹2.59 𝑂𝑂4 (20 min) to

𝑀𝑀𝑀𝑀0.18 𝐶𝐶𝐶𝐶1.04 𝐹𝐹𝐹𝐹1.78 𝑂𝑂4 (100 min). Figure 3.8 shows the images gained from an elemental

analysis via EDX mapping of sample CoFe+Mn after 100 minutes. The individual particles
were seen, and all the metal elements were distributed through the particles. Figure 3.7 was

generated by overlaying the mapping images of Mn, Fe, and Co, which shows the spatial
distribution of the elements in the individual particles. For CoFe+Mn, and all three metals
are distributed in all the particles, however, some of the MnFe+Co particles only have
manganese and iron in them meaning that the second metal, cobalt, did not grow into/onto
some of the seed particles. Interestingly, these manganese ferrite particles were not the
smallest. Some particles contain cobalt seen as smaller than those containing only
manganese and iron. This means when the second stage of cobalt injection started at 40
minutes, the first stage of seed growth had not stopped, leading to a wider size distribution
as the growth rate of the first stage is different from the second stage. Although the
anticipated edge between the core and the shell was not seen in the EDX mapping images
(Figure 3.6, Figure 3.7, and Figure 3.8), the double-layer structure may still exist. For one
thing, the thickness was too low to show a sharp interface; for another, the spherical shape
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of the particles made it harder to locate the interface between the core and the shell. The
particle line scan image shows a clear shell with a thickness around 2.5 nm, but it was not
seen in an EDX mapping image which suggests that this core/shell phase difference was
not caused by the composition difference but by the difference in the oxidation states of
the metal and the crystalline phases. A similar phenomenon was seen in the previous
studies.65,162–164 The X-ray diffraction (XRD) analysis coincided with the EDX mapping
and confirmed this hypothesis as shown in Figure 3.9 The two samples both showed a
ferrimagnetic spinel phase (magnetite PDF: 019-0629) as well as an antiferromagnetic rock
salt (wüstite PDF: 00-006-0615) phase given the fact the final products did not undergo
any post-reaction oxidation treatment. Further analysis of the XRD results showed that
both samples have a significant fraction of the antiferromagnetic phase(37.1 wt% for

Figure 3.9 XRD diffractograms of CoFe+Mn and MnFe+Co samples. Both samples
consist of ferrimagnetic spinel phase and antiferromagnetic rock salt phase.
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Figure 3.10 Magnetization vs magnetic field (M-H) curve from VSM measurements. The
magnetization values are much smaller than that of the bulk material because a large
fraction of the nanoparticles does not contribute to the magnetic properties.
MnFe+Co and 31.2 wt% for CoFe+Mn). Similar structures were also seen in other doped
iron oxide nanoparticles synthesized with the thermal decomposition method.165–167 The
insufficient oxidation of the core is responsible for the rock salt phase and the shell of the
particles was more oxidized resulting in a spinel structure shown in the XRD result. The
existence of surface spin canting and the antiphase boundary is responsible for the
reduction of magnetization which is prevalently seen for nanoparticles synthesized by
thermal decomposition according to a previous study.147,168
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Magnetic characterizations
The magnetization curve was measured at 300 K over the range of ±1.6×106 A/m
and plotted in Figure 3.10 The magnetization values were normalized by the total mass of
metals in the sample measured by inductively coupled plasma-optical emission
spectroscopy. Although having close mean sizes (CoFe+Mn, 19.0±1.86 nm; MnFe+Co,
17.6±3.28 nm), the two samples behaved quite differently since the two samples have
presumably different structures. The saturation magnetization and coercivity of sample
MnFe+Co are both larger than CoFe+Mn which indicates the shell of the particles played
a more important role in the magnetic properties. The MnFe+Co has a bias of -100 A/m
and a coercivity of 4380 A/m, while CoFe+Mn has a bias of 400 and a coercivity of 1060
A/m. The existence of coercivity and bias at 300 K probably resulted from a weak exchange
coupling between the rock salt core and the spinel shell.84,169,170 The zero-field cooling/field
cooling (ZFC/FC) measurement was done with a 100 Oe (7980 A/m) magnetic field as
shown in Figure 3.11 The blocking temperature of each sample was estimated by taking
the inflection point of the ZFC magnetization curves versus temperature. Historically, the
blocking temperature has been taken as the peak of the ZFC curve. However, it has been
shown that the mode blocking temperature is to the left of the peak and is more accurately
determined by taking the inflection point of the ZFC curve. This is the temperature at which
the greatest number of nanoparticle moments become unblocked or “flip” to align with the
applied field simultaneously, resulting in a rapid increase in the magnetic response of the
sample according to I. J. Bruvera, et al.,171 and K. L. Livesey et al.172 The results indicated
the blocking temperature of the samples are 184 ±7 K (CoFe+Mn) and 251 ±13 K
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Figure 3.11 ZFC/FC curves of CoFe+Mn and MnFe+Co samples. The blocking
temperatures 184 ±7 K (CoFe+Mn) and 251 ±13 K (MnFe+Co), respectively. The insets
showed the curves from 280 K to 330 K. Above 300 K, both samples showed higher ZFC
magnetization than FC magnetization indicating a magnetostrictive property.
(MnFe+Co) respectively (detailed depiction refers to Appendix). The blocking
temperatures of CoFe2O4 and MnFe2O4 particles of similar sizes are around 320 K and 170
K, respectively173,174. These values match well with the previously reported blocking
temperatures of manganese-cobalt substituted ferrite particles.84,161 Interestingly, we found
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that the ZFC curves for both samples have higher magnetization values than the FC curves
above 300K and this behavior of MnFe+Co was more prominent than that of CoFe+Mn.
Such behavior usually indicates the magnetostriction of the ferrite material, i.e. the change
of dimension or movement of domain walls during magnetization.175,176 Such
magnetostriction property is commonly seen in cobalt ferrite as it is used in
magnetostrictive sensors or actuators.177 The magnetic measurements showed that the
magnetic properties of the particles were dominated by the shell. This is because the shell
was oxidized to a ferrimagnetic spinel phase, while the core remained an antiferromagnetic
phase which did not contribute to the magnetization. CoFe+Mn has a manganese-rich shell;
thus, its magnetic properties were closer to manganese ferrite particles; however,
MnFe+Co behaved more like cobalt ferrite since its cobalt-rich spinel shell governed its
magnetic properties. To successfully make hard/soft, core/shell ferrite nanoparticles with
this proposed seed-mediated drip method, an efficient oxidation strategy of the rock salt
phase needs to be developed. There are a few candidate oxidation procedures developed
previously.56,66,178,179 With an effective oxidation method, the particles can be transformed
to a single spinel phase and the core/shell particles that exhibit exchange coupling effect
can be synthesized.
Conclusion and outlook
In summary, we have successfully utilized a seed-mediated drip synthesis strategy
to make manganese and cobalt substituted ferrite nanoparticles. The growth and elemental
distribution were monitored during the synthesis and showed the potential of using this
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technique to control the size and composition of ferrite nanoparticles. The size of the
particles synthesized with this seed-mediated drip method was mostly determined by the
seeding stage and the magnetic properties of the particles were determined by the dripping
stage. Although a core/shell structure was not seen from the EDX mapping images, its
existence was further inferred by other characterizations. The species of the precursors of
the dripping stage determines whether the outer layer is rich in a specific metal element.
The magnetic properties of the particles were more likely dominated by the more oxidized
shell components, making the two samples with similar sizes have very different magnetic
properties. The work to build more sophisticated structures and to achieve a deeper
understanding of particle formation mechanisms during thermal decomposition is still in
progress. With this work, further knowledge of the structure-property relationship of metal
substituted ferrite nanoparticles will be obtained, which is important for the design of
magnetic nanoparticles for various applications.
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CHAPTER FOUR

OXIDATION OF WUSTITE RICH NANOPARTICLES VIA POST-SYNTHESIS
ANNEALING

Introduction
In recent years, developments in thermal decomposition synthesis have improved
control over the size, morphology, and composition of iron oxide-based magnetic
nanoparticles.50,51,59,64 Usually, the reaction requires organo-metallic complexes as
precursors. As the complexes decompose at high temperature, the organic ligands also
decompose and generate reducing agents such as carbon or carbon monoxide which causes
reduction of metal (typically iron, from trivalent to divalent) during the high-temperature
reaction and result in the formation of unwanted wüstite structure56,164,180–182 leading to the
loss of magnetization which is not ideal for applications such as magnetic resonance
imaging, 49 magnetic hyperthermia, 150,183 and magnetic particle imaging.30,178 To solve this
problem, different approaches were developed to oxidize the divalent iron to trivalent iron
inside the particles either during particle formation or after particles are synthesized, such
as adding oxygen during synthesis,56,66 adding oxygen to oxidize the particles after
synthesis,184 aging the particles164,185, as well as adding solid oxidizing agents.178,186
Although these methods succeeded in oxidizing the particles from wüstite to magnetite or
maghemite to some extent, they are not perfect. For example, adding oxygen to a high-
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Figure 4.1 Phase diagram of Fe-O compounds at 400-1500 ℃ and certain oxygen partial
pressures. Figure is reprinted from ref.187. Copyright 2019 Elsevier.
temperature organic liquid increases the risk of ignition of reagents. Blowing oxygen to the
particles can oxidize the particles eventually, but the efficiency is very limited because the
protection from the organic ligands prevents the diffusion of oxygen to the core of the
particles. Adding oxidizing agents to the reaction at high temperatures increases the
possibility of oxidizing the organic ligands and requires an additional process to remove
the excess.
Based on the phase diagram of iron oxide (Figure 4.1), wüstite (FeO), is not a
thermodynamically favorable phase at a relatively low temperature. 187 Thus, the existence
of wüstite in the nanoparticles was caused by quenching. As shown in Figure 4.1, to
transform FeO (wüstite) to Fe3O4 (magnetite), one can either decrease the temperature at a
certain oxygen level or increase the oxygen partial pressure at a specific temperature. In
practice, this can be done easily when dealing with ceramics by sintering the iron oxide
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solids in a controlled stoichiometry and atmosphere. However, in the case of nanoparticles,
the sintering method does not apply since it will destroy the organic ligands and cause
particle merging. Theoretically, the FeO phase has a thermodynamic potential to relax to
Fe3O4 and then α-Fe2O3 according to the phase diagram, therefore, if given enough energy
to overcome the kinetic energy barrier, the phase transition process should be spontaneous.
If the particles are annealed at an ideal temperature for a sufficient time, the wüstite rich
particles will automatically turn into magnetite. Herein, we propose a facile and efficient
way to convert the as-prepared wüstite rich particles into pure magnetite particles by
accelerating the oxidation with annealing. The success of this conversion was confirmed
via x-ray powder diffraction (XRD) and zero-field cooling/ field cooling (ZFC/FC)
magnetometry.
Experimental
Particle synthesis and post-synthesis annealing
The preparation of oleate precursors is described in Chapter 2.
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To synthesize spherical iron oxide nanoparticles with different diameters different
quantities of reagents, reaction time, and reaction temperatures were used. Briefly, 15 nm
iron oxide particles were made by refluxing 4 mmol iron (Ⅲ) oleate, 4.2 mL oleic acid,
and 12 mL n-octadecene at 325 ℃ for 1.5 hours under nitrogen. 20 nm iron oxide
nanoparticles were made by refluxing 9 mmol iron (Ⅲ) oleate, 5 g docosane, 9 mL oleic
acid, and 5 mL n-octadecene at 365 ℃ for 2 hours under nitrogen. 30 nm iron oxide
nanoparticles were made by refluxing 7.47 mmol iron (Ⅲ) oleate, 3.73 mmol iron (Ⅱ)

Figure 4.2 TEM images of as-prepared iron oxide nanoparticles. a) 15.4±1.3 nm (targeted
15 nm); b) 18.6±1.2 nm (targeted 20 nm); and c) 38±7 nm (targeted 30 nm). Scale bars are
20 nm.
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oleate, 11.2 mL oleic acid, 5 g docosane, and 10 mL n-octadecene at 365℃ for 2 hours
under nitrogen.
To purify the products, the final product was added to a washing solution containing
hexanes (5 mL), ethanol (30 mL), and acetone (30 mL); this mixture was vortexed and
centrifuged at 10000 rpm for 5 min. The precipitation was collected by decanting the
supernatant and repeat the washing process with the same washing solution until the
supernatant becomes clear. The final precipitation was then redispersed and stored in
hexanes.
The particles were weighed after being transferred into tared glass vials where the
hexane was evaporated and was dispersed into the n-octyl ether with a concentration of 20
mg/mL. To study the effect of the oxidant, the 15 nm particles were annealed at 280 ℃ for
1 hour with or without trimethylamine N-oxide (TMAO) (0.05 mmol/mL). 30 nm particles
were annealed at 250 ℃, 265 ℃, and 280 ℃ for 1 hour and 1.5 hours, respectively to study
the effect of parameters during annealing. The 20 nm particles were annealed at 250 ℃ for
2 hours to validate the annealing procedure and the anneal particles were used for further
magnetic characterizations. The resulting products were purified and stored with the same
procedures mentioned above.
Materials characterization
Electron microscopy, X-ray diffraction, vibrating sample magnetometry, and
inductively coupled plasma-optical emission spectroscopy methods were described in
Chapter 2.
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Results and discussion
Particle synthesis and post-synthesis annealing
Iron oxide nanoparticles were synthesized using a relatively mature method that
uses iron (Ⅲ) as the thermal decomposition precursor. This method was introduced by Park
et al. and was widely used for preparing iron oxide nanoparticles with narrow size
distributions.2,8 As shown in Figure 4.2, spherical iron oxide particles were prepared. The
size distributions for each batch were relatively narrow and the mean sizes were close to
the targeted value. Higher concentration of precursors, higher reaction temperature, and
longer reaction time was used to produce particles with larger sizes, however, such changes
may also result in wider size distribution. The synthesized particles have mean diameters
of 15.4±1.3 nm (targeted 15 nm), 18.6±1.2 nm (targeted 20 nm), and 38±7 nm (targeted 30
nm), respectively. It is important to mention that in Figure 4.2 a) and b), it is observed that
some particles show what appears to be a “core/shell” like structure. This structure is likely
because the particles are slightly oxidized on the surface before an annealing treatment.
The oxidized regions are more prominent on the particles with smaller sizes, like the 15
nm and 20 nm particles, while larger particles (i.e., 30 nm) do not show significant
core/shell structures due to a relatively lower specific surface area.188 This hypothesis was
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further confirmed by the following XRD analysis. Before annealing, larger particles have
a higher fraction of wüstite than the smaller particles. A more detailed discussion of this
phase behavior can be found in the following paragraphs. The size distribution of particles
after annealing remained unchanged and the core/shell look disappeared.

Figure 4.3 XRD results of 15 nm particles before and after annealing with addition of
oxidizing agents.
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Figure 4.4 XRD results and Rietveld refinement of 20 nm sample.
The 15 nm particles were used for the study of oxidation via the addition of
oxidizing agents. Before oxidation, the as-prepared 15 nm iron oxide nanoparticles showed
a combination of spinel phase and rock salt phase as illustrated in Figure 4.3. According to
the Rietveld refinement, the weight fraction of the spinel phase is approximately 83% and
the weight fraction of the rock salt phase is around 17%. Such particles were treated by the
annealing methods with or without the addition of oxidizing agents. As described in
previous studies, TMAO or oxygen were typically used as an oxidizing agent for the postsynthesis oxidation of iron oxide nanoparticles. Herein, we hypothesized that the addition
of oxidizing agents was not the critical factor that converted wüstite to magnetite; if given
enough thermal energy and time of annealing, particles could be converted to pure spinel
without adding any oxidizing agents. A set of control experiments were conducted with the
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as-prepared 15 nm iron oxide nanoparticles by controlling the parameters during annealing.
As shown in Figure 4.3, the four groups with post-synthesis treatment had very similar
XRD results, and they all exhibit a pure spinel structure. This indicates that the driving
force of converting rock salt phase to spinel phase is not the addition of oxidizing agents
since even the sample with no addition of
TMAO and air (orange line, Wüstite-anneal-N2) showed a 100% spinel structure.

Table 4.1 The weight percentage of spinel and rock salt phases in 30 nm particles before
and after annealing.
As-prep

250 ℃

265 ℃

280 ℃

1 hour

1.5 hour

1 hour

1.5 hour

1 hour

1.5 hour

Spinel

16.0%

75.6%

97.4%

75.3%

97.6%

71.8%

97.0%

Rock salt

84.0%

24.4%

2.6%

24.7%

2.4%

28.2%

3.0%
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It is important to check the reproducibility of the annealing process. To further
validate the hypothesis, wüstite particles with larger sizes were made. Larger particles have
better XRD signal-to-noise ratio and sharper peaks which will make the quantitative
analysis more persuasive. Moreover, the annealing process needs to be optimized before
establishing it as a standard operating procedure. Therefore, the as-prepared 30 nm iron
oxide nanoparticles were annealed at three different temperatures for 1 hour and 1.5 hours.
The 30 nm particles were selected because they have the lowest specific surface area among
the three batches and intuitively, the 30 nm batch should have the purest phase as prepared.
Moreover, for a post-reaction oxidation process, the larger the particles are, the longer time
it will take to complete the process,189 therefore, if the procedure works for large particles
it should apply for smaller ones. The products after annealing were analyzed by XRD and

Figure 4.5 XRD result of 30 nm iron oxide particles annealed at 265 ℃.
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performed Rietveld refinement to know the efficiency of annealing with different
parameters. The results were shown in Table 4.1 and the XRD results of the sample
annealed at 265℃ were shown in Figure 4.4. The diffraction patterns of samples annealed
at different temperatures are very similar if the annealing times are the same. It seems that
the annealing time plays a more significant role in the process of phase transition which
makes sense as the kinetics of this thermal dynamically driven process is more dominated
by the time factor if the thermal energy surpasses the minimum threshold. It is seen the
sharp wüstite peaks from the as-prepared 30 nm sample. After 1 hour of annealing, the rock
salt phase was partially converted to spinel phase, and if we keep annealing the sample for
another half hour, the particles became nearly pure spinel. As the annealing time increases,
the peaks with low intensities started to appear in the diffractogram, such as the peaks at
18° and 75°. The 30 nm particles provided clearer XRD results which illustrated the phase
transition process during annealing. It is worth emphasizing that the 30 nm samples were
annealed under constant nitrogen flow without the addition of oxidizing agents. This
phenomenon validates the former hypothesis, meaning the wüstite rich particles can be
successfully oxidized to spinel iron oxide particles by annealing. Considering a study on
the oxidation of unsaturated aliphatic acid,190 the oleic acid could be oxidized by the
oxygen in the air at high temperature and cause inter-particle crosslinking, so the annealing
was done under nitrogen. As discussed in the study by Kemp et al.56 the unsaturated solvent
n-octadecene can be another cause for the reduction of iron, thus, for the annealing process,
and n-octyl ether was selected as solvent. It was also mentioned in their study that the iron
(Ⅱ) content increased when the temperature elevated. Therefore, further annealing was
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done under nitrogen at 250 ℃ for 2 hours in n-octyl ether. 20 nm as prepared iron oxide
nanoparticles were treated using this procedure; the XRD results, and the Rietveld
refinement were shown in Figure 4.5. The as-prepared sample consisted of both wüstite
phase(68wt.%) and magnetite phase (32wt.%), while after annealing, the 20 nm sample
was successfully oxidized to 100wt.% magnetite.
The effect of post-synthesis annealing
As wüstite is antiferromagnetic, the magnetic properties of the particles before and
after oxidation should be very different. To show the effectiveness of oxidation and the

Figure 4.6 Magnetization curve of 20 nm particles before and after oxidation. The inset
shows the curves at the region close to zero field. Both as prepared and oxidized samples
showed a superparamagnetic behavior at 300 K. The saturation magnetization of as
prepared sample is 30 Am2/kg (300 K), and the saturation magnetization of oxidized
sample is 72 Am2/kg (300 K). The coercivity of as prepared sample is 1450 Oe(115667
A/m) (5 K) and coercivity of oxidized sample is 430 Oe(34301 A/m) (5 K).
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Figure 4.7 Left: ZFC/FC curve of 20 nm iron oxide nanoparticles. Right: ZFC
magnetization vs temperature curve and derivative of magnetization vs temperature curve.
change in magnetic properties after treatment. 20 nm iron oxide particles were measured
with VSM at 5 K and 300 K under a maximum field of 20000 Oe. The magnetization curves
were plotted in Figure 4.6. The oxidized sample showed higher saturation magnetization
and susceptibility than the as-prepared sample since magnetite contributes more magnetic
moments than wüstite. Both samples exhibited superparamagnetic behavior at 300 K
showing no coercivity. However, at 5 K, the as-prepared sample had a coercivity around
1450 Oe that is larger than the coercivity of the oxidized sample, 430 Oe. This phenomenon
was also seen in the previous studies,

165,170,191

which can be explained by the exchange

coupling effect between the antiferromagnetic core and the ferrimagnetic shell. The
ZFC/FC measurement was conducted under a 100 Oe field and the magnetization vs
temperature curves were plotted and shown in Figure 4.7. As seen in Figure 4.7, the curves
of the two samples look very different. The FC curve of the as-prepared sample showed a
drop in magnetization at around 210 K when cooling down from 325 K, while the
magnetization kept increasing till a plateau. This phenomenon is commonly seen in the
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antiferromagnetic materials when the temperature is above its Néel temperature the
material behaves paramagnetically and all the magnetic moments are magnetized to align
with the field.165,184 However, below its Néel temperature the material returns to its
antiferromagnetic structure resulting in a loss of total magnetization. This result coincides
with the conclusion from the characterizations; the as-prepared sample has a combination
of wüstite and magnetite. The ZFC curves of the two samples were plotted in Figure 4.7
(right). To get the Néel temperature and the blocking temperature, two regimes were
used.172,192 If the vertex of the ZFC curve was used to define the blocking temperature, the
blocking temperatures are 235 K and 283 K for the as-prepared sample and oxidized
sample, respectively. If the vertex of the derivative curve was used to define the blocking
temperature, then the blocking temperatures are 209 K and 139 K, respectively, as seen in
Table 4.2. With the same rationale, we can get the Néel temperature of the as-prepared
sample as shown in Table 4.2, and it matches with previous studies. The 20 nm particles
were dissolved in toluene with a magnetic core concentration of 4 mg/mL and then
measured under a 212 kHz, 26 kA/m (33 mT) AC field. The temperature profile was plotted
in Figure 4.8. It is seen that the as-prepared sample did not show a temperature increase,
while the oxidized sample heated from 37 ℃ to 63 ℃ within 2 minutes. The specific
absorption rate (SAR) was calculated (linear fitting of the first 6 data points) to be 181 W/g
using equation14,40,135,193

SAR =

ρ C ⋅ ∆T
m ⋅ ∆t

where C is the heat capacity of the measured mixture (close to the heat capacity of toluene,
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1.71 J/g∙K), ρ is the density of the solvent used (0.867 g/mL for toluene), m is the
concentration of magnetic nanoparticles in the measured suspension (4 mg/mL), and ΔT/Δt
is the slope of the fitted line (0.4893 K/s in Figure 4.8). The wüstite rich particles (without
post-synthesis annealing) showed no heating (SAR=0) under such a condition (212 kHz,
26 kA/m). Previous reports showed a SAR (130 W/g) for iron oxide nanoparticles with a
similar size (17±0.1 nm) under an AMF (205 kHz, 20 mT).194 A study on the
commercialized iron oxide nanoparticles (25 nm) showed SAR values close to our sample
(Sigma Aldrich 900026: 145.6±6.3 W/g and Sigma Aldrich 900027: 176.2±27.1 W/g)
under an AMF (223 kHz/, 41 kA/m).40 Since SAR is related to the size of the nanoparticles
and the field parameters, it is better to compare SAR with the same field parameters to
compare the heating efficiency of the particles. Comparing to the previous study from our
group (same field parameters), the annealed 20 nm particles showed better heating
efficiency, and the SAR is increased more than four times (20 nm, SAR=40 W/g).89 Thus,
the post-synthesis annealing treatment improved the heating efficiency significantly.
Table 4.2 Summary of Néel temperature (TN) and Blocking temperature (TB) obtained
from ZFC/FC curves.
Néel temperature TN (K)

Blocking temperature TB (K)

Max point

Derivative

Max point

Derivative

As-prep

210

194

235

209

Oxidized

\

\

283

139
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Conclusion and outlook
Iron oxide nanoparticles with different diameters that are rich in the wüstite phase
can be oxidized by post-synthesis annealing without the addition of oxidizing agents. The
XRD results showed that the oxidized particles have a pure magnetite structure. The
saturation magnetization of the particles increased after annealing. The magnetic heating
ability significantly increased after annealing comparing to the untreated particles. With
the success in the oxidation of iron oxide particles, more studies need to be done to see if
the same strategy applies for substituted ferrites, such as MnFe2O4, CoFe2O4, and NiFe2O4
to ensure pure spinel phase nanoparticles.

Figure 4.8 Heating profile of 20 nm iron oxide particles under a 212 kHz, 33 mT AC
field.
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CHAPTER FIVE

CONSTRUCTION OF AN EMPIRICAL MODEL TO BRIDGE THE
THERMORESPONSIVE PROPERTY AND THE STRUCTURE OF 4-ARM
POLY(PROPYLENE OXIDE)-BLOCK-POLY(ETHYLENE OXIDE)

Introduction
Thermoresponsive polymer is a category of polymers that can exhibit a sharp
physical or chemical transition upon temperature change. For example, the lower
critical solution temperature (LCST) type polymer solution undergoes a phase
transition at a threshold temperature. Below the LCST, the polymer is in its liquid
form. While above the LCST, at a certain polymer concentration, when the
temperature increases to a critical level, the polymer undergoes a phase transition to
its gel form.103 This property has been shown useful for many thermally triggered
applications because of the temperature increase when the material is introduced to
body temperature from the environment outside the body.195,196 Due to their none or
mild adverse effects on tissues, thermoresponsive polymers are candidates for drug
delivery, cell encapsulation, and tissue engineering.197,104,198,199 Amphiphilic
macromolecules, such as poly (N-isopropylacrylamide) (PNIPA) polymers, and
poly(ethylene oxide)–block-poly(propylene oxide)-block-poly(ethylene oxide)
copolymers (PEO-PPO-PEO block copolymers) which contain both hydrophilic and
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hydrophobic moieties, display LCST phase transition properties in aqueous medium
with temperature change.97
Recently, hydrogels of thermoresponsive polymers have also been developed
as surgical tissue adhesives and sealants.200 Conventional wound closure devices
such as sutures and surgical staples have many disadvantages, including the
difficulty of applications in tight spaces during laparoscopic surgeries. This
encourages the development of in situ curable tissue adhesives, sealants, and
hemostatic agents.201 Although tissue adhesives and sealants are currently on the
market,202,203 such as poly cyanoacrylates,204,205 poly (ethylene glycol),206 and
protein-based materials,207,208,209 these commercially available products face various
drawbacks. For example, a poly(ethylene glycol)-based tissue adhesive, CoSeal®,
was reported to exhibit a high degree of swelling and relatively weak adhesion to
surrounding tissues.210,211 Biologically derived fibrin-based and collagen-based
tissue adhesives confront the risk of allergic reactions and viruses/prions
contaminations as they are mostly produced from human and bovine blood.210,211
To overcome some of these issues, Sanders and colleagues have developed a
tissue adhesive using a star-shaped PPO-PEO block copolymer (BASF Tetronic®,
poloxamine)

as

the

polymer

matrix,212

since

PEO-PPO-PEO

block

copolymer(BASF Pluronic®, poloxamer) is one of the intensively studied materials
for biomedical applications due to its reported high biocompatibility.113,213 Good
bulk strength, pliability, and gelation property.214 Moreover, it was demonstrated
that the gelation temperature of the adhesive was dependent on the blend ratio of
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polymers (T1107 and T904).212 However, the exact relationship between these
structural parameters and the gelation property of such material was yet to be
elucidated.
In the present study, we investigated the structure-property relationships
leading to control of the gelation property without blending different polymers. We
synthesized a series of PPO-PEO block copolymers analogous to Tetronic®
polymers. As the structural parameters, such as molecular weight and ratio between
sections of the polymer matrix are well defined via living anionic ring-opening
polymerization, the structural dependence of the solubility at different temperatures
can be determined. An empirical model was built as a guide for the further synthesis
of polymers with customized lists. The results of this study demonstrated that the
gelation temperature of the poloxamine hydrogels increases with the increase of the
proportion of polyethylene oxide units, with the decrease of molecular weight, as
well as with the decrease of concentration. Finally, the empirical model was then
challenged through the synthesis of 3 targeted polymers and resulted in errors of less
than 5%.
Experimental
Materials for synthesis
Tetrahydrofuran (THF, BDH, 99%) was refluxed and stored under a dry
nitrogen atmosphere in the presence of sodium and benzophenone, and the solution
was kept purple indicating a lack of water. THF was distilled before use. Ethylene
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oxide (EO, Praxair, 99%), propylene oxide (PO, ACROS Organics, 99.5%),
potassium metal (Aldrich,98%), and N, N, N′, N′-Tetrakis (2-hydroxyethyl)
ethylenediamine (ACROS Organics, 99%) were used as received. All flasks and the
reaction vessel were dried in a drying oven at 200 ℃ before use.
Polymerization procedures
A series of 9 block copolymers (Table 5.1) with three levels of molecular
weights (three levels of monomer molar ratios for each molecular weight) were
made to investigate the impact of structural parameters on their thermal properties.
Figure 5.1 demonstrates the general synthetic route used in this study and the details
were described below.
Table 5.1 Targeted Structural Parameters of Star Block Copolymers and test of
experimental model.
Sample
Molecular Weight
# of PO units
# of EO units
[EO]: [PO]
Number
(g/mol)
per arm
per arm
molar ratio
1
22
22
50:50
2
10000
18
27
60:40
3
14
33
70:30
4
36
37
50:50
5
15000
29
46
60:40
6
23
54
70:30
7
48
48
50:50
8
20000
39
60
60:40
9
30
72
70:30
The anionic ring-opening polymerization was initiated by potassium salt of
N, N, N’, N’-Tetrakis (2-hydroxyethyl) ethylenediamine. All reactions were done in
a Parr Instrument Company series 4520 benchtop reactor with a mechanical stirrer
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Figure 5.1 Synthetic route of 4-arm poly propylene oxide-block-polyethylene oxide.
under nitrogen. The nitrogen was dried with drierite before use. All gas lines and the
reaction vessel were heated and purged with dry nitrogen to eliminate moisture
before use. The synthesis procedure is as follows: first, 0.5 g (12.82 mmol)
potassium metal was added into the reaction vessel directly, and the vessel was then
purged with nitrogen and pulled with a vacuum (<0.1 psi). Next, 0.5 g (2.14 mmol)
N, N, N’, N’-Tetrakis (2-hydroxyethyl) ethylenediamine was dissolved in a flask
with 150 ml THF and the flask was capped with a rubber stopper. The solution was
purged by nitrogen and then transferred into the reaction vessel via a syringe. The
reagents were mechanically stirred and heated at 100 ℃ for 5 hours.
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A sequential anionic polymerization method was used for making the diblock
copolymer (Figure 5.1). The first monomer, propylene oxide, was injected into the
reaction vessel at room temperature. The reaction was kept at 100 ℃ for 24 hours
and the reactor was then cooled down to room temperature (22 ℃) with cooling
water. The second monomer, ethylene oxide, was transferred and condensed from a
gas cylinder to the reaction vessel by cooling the reactor to -40 ℃ with liquid
nitrogen. The flow rate and total mass of ethylene oxide were carefully monitored
and controlled via an Aalborg-GFM17 gas flow meter/totalizer. After a 24-hour
reaction at room temperature, the product was then filtered and concentrated via a
rotary evaporator followed by 24-hour dialysis in deionized water (DI water) with
Thermo Scientific-SnakeSkin® 3,500 MWCO dialysis tubing. The resulting
solution was then freeze-dried using a Labconco® benchtop freeze dryer.
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Figure 5.2 1H NMR spectrum of Sample 5 (Targeted molecular weight is 15000 g/mol,
targeted number of PO units per arm is 29 and targeted number of EO units per arm is 46.)
Characterization methods
The structures of the polymers were verified by 1H nuclear magnetic
resonance (NMR) spectroscopy. The 1H NMR spectra were obtained using JEOL
ECX-300 at 300 MHz, with CDCl3 (Cambridge Isotope Laboratories, Inc., 99.96%)
as the solvent. The molecular weight and the degree of polymerization of each
polymer sample were calculated from the corresponding peaks. 1H NMR (300 MHz,
CDCl3 , δ): 1.1ppm (-CH3), 3.2-3.8ppm (-CH-O-, -CH2-O-), 2.5-2.7ppm (-N-CH2). Sample NMR for the 4-arm polymer is given in Figure 5.2.
The thermal property of the polymers was measured by differential scanning
calorimetry (DSC) using a TA-Q1000, and the results were analyzed via TA
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Universal Analysis software. Samples with different concentrations were made by
mixing copolymer and DI water before the measurement. Briefly, 0.05 g copolymer
samples were mixed with DI water to make the solutions at concentrations of 10
wt%,15 wt%, 20 wt%, 25 wt%, and 30%. The vials were then sonicated in an ice
bath (0℃) for 30 min to dissolve the polymer. The solutions were kept in a fridge
(4℃) overnight before measurement. 10 mg of each polymer solution was added
into hermetic pans respectively and measured under constant helium flow (20
mL/min) at atmospheric pressure with a heating/cooling rate of 5 ℃/min from 0℃
to 70℃. For each sample at a certain concentration, the endothermic peak
temperature and exothermic peak temperature were averaged to get the enthalpic
peak temperature.
Table 5.2 Structural characteristics and transition temperature of star copolymers.
Sample
number

1

2

3

4

5

Molecular
weight(g/mol)

9290

11608

11096

14210

15232

The average
number of
PO
units
per arm

The average
number of
EO
units
per arm

#EO/#PO

23

22

0.96

24

18

36

29

33

38

34

47

1.38

2.11

0.94

1.62
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Concentration
(%)

Transition
temperature
(K)

10
15
20
25
30
10
15
20
25
30
10
15
20
25
30
10
15
20
25
30
10
15
20
25
30

305.2
303.7
302.3
300.8
299.7
309.5
306.7
305.1
302.6
301.0
318.3
318.0
314.7
312.9
311.4
300.5
298.4
296.7
294.6
292.8
305.9
304.2
302.0
300.4
297.8

Normalized
enthalpy
(J/g)

26.967

11.327

5.883

29.822

19.257

6

7

8

9

3B*

15416

19378

20016

20272

10104

26

52

39

31

16

52

49

61

73

35

2.00

0.94

1.56

2.36

2.19

10
15
20
25
30
10
15
20
25
30
10
15
20
25
30
10
15
20
25
30
10
15
20
25
30

311.4
309.4
307.4
305.4
301.9
298.0
296.0
294.9
292.7
290.9
304.1
301.4
299.2
296.7
295.2
310.5
307.7
305.8
302.5
299.4
321.0
319.6
318.6
315.1
313.2

10.967

31.402

25.648

12.238

10.158

*Sample 3B was made after the construction of the empirical model to test the validity of the model.

Results and discussion
Synthesis of 4-arm Poly (propylene oxide-block-ethylene oxide)
As shown in Figure 5.2, the spectrum was normalized by the peaks at
δ=2.5ppm-δ=2.7ppm (-N-CH2-) which correspond to the diamine core. The
integration of peak at δ=1.1ppm (-CH3) gives the average degree of polymerization
per molecule and by dividing this number by 4 we can get the degree of
polymerization of PPO for each arm. Both PO and EO repeating units contribute to
the integration of peak at δ=3.2ppm-δ=3.8ppm (-CH-O-, -CH2-O-). Therefore, to get
the degree of polymerization of PEO, the integration of peak at δ=2.5ppm-δ=2.7ppm
was subtracted from the integration of peak at δ=3.2ppm-δ=3.8ppm. The analysis of
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1

H NMR spectrometry was applied to each of the samples after the synthesis to

determine the corresponding parameters which are presented in Table 5.2. The
synthesized polymers had viscous liquid or waxy solid appearance (see Table 3). As
the degree of polymerization of PEO increased, the viscosity was significantly
increased making Sample 6, Sample 8, and Sample 9 near solids at room
temperature.
Table 5.3 Physical appearance of synthesized polymers.
Sample number
Mw g/mol
EO: PO
1
9290
0.96
2
11608
1.38
3
11096
2.11
4
14210
0.94
5
15232
1.62
6
15416
2
7
19378
0.94
8
20016
1.56
9
20272
2.36
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physical appearance
liquid
liquid
paste
liquid
liquid
wax
liquid
wax
wax

Measurement of thermoresponsive temperature using DSC
The DSC measurement of the polymers was carried out using a similar
method as reported previously.105,215 A cyclic measurement was used to show the
reversible transition (Figure 5.3). The baseline resumed after an endothermic peak
on heating and an exothermic peak on cooling. The resulting average enthalpic peak
temperatures versus sample concentration were listed in Table 5.2. This thermal
transition refers to the micellization or gelation of the polymer in an aqueous
environment. The peak temperature may be the same at the critical micellization
temperature (CMT). Previous studies showed that CMT was used for describing the
phase transition event of the poloxamers.216 CMTs of poloxamer solutions were

Figure 5.3 DSC loop curve of Sample 5.
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previously reported.217 To obtain good guidance for the synthesis of a customized
polymer with a predefined thermal behavior, this study of the relationship between
the polymer structure and its thermal properties is necessary.
Figure 5.4 is the plot of the data in Table 5.2. The results showed that the
average peak temperature is strongly dependent on molecular weight, the molar ratio
of repeating units, and the concentration of the solution meaning the peak
temperature of poloxamines can be well controlled by adjusting such parameters.
Here, we define this peak temperature as the transition temperature and this term is
used in the rest of this article. The transition temperature increases with the greater
dilution of the polymer, increasing EO: PO ratio, or decreasing the molecular weight.

Figure 5.4 Average peak temperature (transition temperature) versus concentration.
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As the latter two variables are correlated, we sought to develop an empirical model
to guide future synthesis so that certain transition temperatures can be targeted.
Statistical analysis and empirical model validation
Recent studies revealed the gelation mechanism of the linear amphiphilic
block copolymer hydrogels and physical explanations were attempted via
modeling.218,219 The same idea of combining experiments with modeling was
utilized in our study. To help guide the further synthesis, a simpler model was built,
and the validation was done afterward.
Prior knowledge of the material properties and an exploratory analysis of the data
led us to believe that the relationship between the peak temperature and the concentration
percentage can be well approximated with the following equation,
𝑦𝑦 = 𝛽𝛽0 (𝑚𝑚, 𝑟𝑟) + 𝛽𝛽1 (𝑟𝑟)𝑥𝑥,

(1)

where 𝑦𝑦 is the expected temperature (in Kelvin) and 𝑥𝑥 is the concentration (as percent by

weight). We observe that the intercept term in this equation is dependent upon both mole
weight (𝑚𝑚) and molar ratio (𝑟𝑟), and the slope is dependent upon the molar ratio alone. The
latter observation can be interpreted to say that the expected change in observed enthalpic
peak per unit increase in concentration depends on the molar ratio of the specific sample.
(The intercept term is not easily interpretable, other than that it centers the linear
relationship in the appropriate place). See the supplemental information for details
concerning the data analysis leading to our proposed model.
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Figure 5.5 The estimated intercepts and slopes obtained from fitting model (1) to the
experimental data, along with an estimated regression surface (line) for describing the
relationship between the intercepts (slopes) and sample properties.
Using the data collected from the samples in our experiment, we estimate models
for the intercept and slope as
𝛽𝛽0 (𝑚𝑚, 𝑟𝑟) = 303.6 − 7.57 × 10−4 𝑚𝑚 + 12.45𝑟𝑟
𝛽𝛽1 (𝑟𝑟) = −0.285 − 0.073𝑟𝑟.

The statistical evidence in favor of these relationships is very strong for the
intercept (𝑝𝑝 < 0.0001) and marginal for the slope (𝑝𝑝 ≈ 0.03). We note how the data
follow the estimated surface quite closely for the intercept terms, and reasonably well for
the slopes (Figure 5.5).
In summary, we found strong evidence to suggest that the relationship
between the observed transition temperature and the solution concentration depends
on both the molecular weight and the EO: PO molar ratio.
Using the model, three new polymers were further synthesized with different
parameters (Table 5.4) to test 3 different molecular weight ranges (approximately, 8000,
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11000, and 16000 g/mol). The model showed a successful prediction of the measured peak
temperature within 95% of confidence. The structural parameters were calculated with the
empirical model by targeting the transition temperature at 308.15 K (35 ℃) when the
concentration is 30 w/v%. Samples (TS-1, TS-2, and TS-3; low, medium, and high
molecular weight and EO: PO ratios) were synthesized and characterized via the same
procedures, and the results are shown in Table 5.4 along with the estimated transition
temperature calculated from the model. The results showed that the empirical model is
practically successful in predicting the transition temperature of the synthesized polymers
(within 3 K). Interestingly, we noticed that the estimated values are lower than the
measured values for TS-1 and higher than the measured values for TS-2 and TS-3. This is
understandable considering the model was constructed on a database with polymers’
molecular weight between 9290 g/mol and 20270 g/mol approximately and EO: PO ratio
ranging from 0.94 to 2.36. Therefore, we may expect that the model will work the best for
a polymer that has an expected value of the structural parameters within the ranges. For
example, the measured values for TS-3 are closer to the estimation values than TS-1 as
expected. The validation test experiment is extremely valuable as it showed that the
empirical model offers the capability of guiding the synthesis for polymers with the desired
transition temperature.
Table 5.4 Structure parameters of test sample for model validation and the comparison
between experimentally measured transition temperatures and model estimated transition
temperatures.
Sample
name

Molecular
weight(g/
mol)

Averag
e
numbe
r of PO
units

Average
number
of EO
units per
arm

Concentration
(w/v%)
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Measured
transition
temperature (K)

Estimated
transition
temperatur
e (K)

TS-1
TS-2
TS-3

7992.04
7992.04
7992.04
11376.34
11376.34
11376.34
15945.66
15945.66
15945.66

per
arm
14.51
14.51
14.51
17.83
17.83
17.83
22.15
22.15
22.15

24.94
24.94
24.94
39.79
39.79
39.79
60.07
60.07
60.07

10
20
30
10
20
30
10
20
30

317.75
313.45
309.45
316.25
311.05
306.65
318.65
314.35
308.95

315.65
311.46
307.28
318.68
314.03
309.39
320.30
315.21
310.13

Figure 5.6 Plot of the data from Table 3.
Conclusion and outlook
The influence of molecular weight, EO: PO ratio, and concentration on the
enthalpic peak temperature of the 4-arm poloxamine was studied. The empirical
model provides a guide to the further synthesis of customized poloxamine with a
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certain enthalpic peak temperature. Our assessment of predictive capabilities
supports the validity of the empirical model. With the control of the thermal behavior
of the poloxamine polymers, we can significantly improve the ease of application of
the poloxamine-based hydrogel adhesives. The maneuverability of the poloxaminebased adhesives /sealants will be improved with a well-controlled thermal property
and more experiments with chemically modified customized poloxamines for
adhesive applications need to be done in the future.
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CHAPTER SIX

MAGNETO-THERMORESPONSIVE COMPOSITE NANOPARTICLES
Introduction
Magnetic nanoparticles have been proposed as magnetically controlled
nanocarriers for drug delivery purposes as the magnetic core of these particles can heat in
the presence of an AC field.121,151,220 Several strategies designing magnetically controlled
nanocarriers have been tested. These include encapsulating magnetic nanoparticles with
micelles,124,221 incorporating magnetic nanoparticles in the structure of liposomes,129 and
coating magnetic nanoparticles with polymers.58 Since polyethylene oxide-bpolypropylene oxides (PEO-b-PPO) polymers, such as Pluronic (poloxamer, BASF) and
Tetronic (poloxamine, BASF), are extensively studied as self-assembled drug loading
micelles,111,195,222,223 such type of material was selected to combine with magnetic
nanoparticles to construct magneto-thermoresponsive composite nanoparticles.123,128,224

Figure 6.1 Strategy of the construction of magneto-thermoresponsive composite
nanoparticles.
Instead of encapsulating magnetic nanoparticles into micelle consists of
poloxamers, herein, a “nano micelle” that consists of magnetic core nanoparticle and
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thermoresponsive polymer coating was proposed (Figure 6.1). The initial design used
heterobifunctional PEO-b-PPO copolymer ligands. The polymer conformation changes
upon temperature change in an aqueous environment so that the physically adhered drug
(such as doxorubicin) can be released. Two types of heterobifunctional linear polymer
ligands were synthesized via anionic ring-opening polymerization, and the resulting
ligands were attached to the magnetic nanoparticle core via ligand exchange and silica
surface chemistry.

Experimental
Materials and reagents
Iron

(Ⅲ)

acetylacetonate,

manganese

(Ⅱ)

acetylacetonate,

potassium

bis(trimethylsilyl)amide (1 M in toluene), succinic anhydride, N-hydroxysuccinimide
(NHS), N, N'-dicyclohexylcarbodiimide (DCC), L-3,4-dihydroxyphenylalanine (LDOPA),

4-dimethylaminopyridine

(DMAP),

Igepal

CO-520,

and

3-

aminopropyltriethoxysilane (APTES) were purchased from Sigma Aldrich. Oleic acid
(90%), tetraethyl orthosilicate (TEOS), and sodium nitrite were purchased from Fisher
Scientific. 1-octadecene (90%), docosane (90%), (±)propylene oxide (98%), ammonium
hydroxide (28%-30% solution in H2O) and triisobutylaluminum (1.1 M in toluene) were
purchased from Acros. Ethanol, hexane, acetone, sulfuric acid, dichloromethane (DCM),
N, N'-dimethylformamide, and anhydrous tetrahydrofuran (THF) were purchased from
VWR. All reagents were used without any further purification.
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Iron oxide nanoparticle synthesis
The magnetic nanoparticles were synthesized with the same synthetic route
described in Chapter 4. Iron oxide nanoparticles (targeted 20 nm in diameter) were
synthesized and annealed to ensure good magnetic properties.
Synthesis of linear polyethylene oxide-block-polypropylene oxide (PEO-b-PPO)
Linear PEO-b-PPO polymer ligands were synthesized via anionic ring-opening
polymerization. Two systems, methanol-potassium naphthalene system and potassium
bis(trimethylsilyl)amide were used to initiate the polymerization as shown in Figure 6.2.

Figure 6.2 Schemes of synthesis of PEO-b-PPO.
The trimethylsilyl group on the amide can be deprotected to an amine end group of the
polymer for further functionalization or attachments. Potassium naphthalene was prepared
by mixing 1.23 g (10 mmol) naphthalene and 0.43 g (11 mmol) potassium metal with 20
mL anhydrous THF in a 50 mL capped Erlenmeyer flask. The reaction was purged with
dry nitrogen and reacted at room temperature for 24 hours before use. The resulting
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solution has a dark green color. Methanol was diluted 100 times with THF, purged with
dry nitrogen, and stored in a 50 mL Erlenmeyer flask.
To synthesize the methyl-ended PEO-b-PPO, the initiator was firstly synthesized.
Briefly, 4 mL (1 mmol) methanol-THF was transferred to a capped 25 mL flask that was
flame dried and purged with nitrogen. Then, add potassium naphthalene-THF solution to
the 25 mL flask dropwise (approximately 2 mL) while shaking the flask. The methanol was
deprotonated by the potassium naphthalene, and the color of the mixed solution lost its
green color during the reaction. Stop adding the dark green solution when the solution color
turned to green from colorless (or milky white). The initiator solution was transferred to
the Parr reactor (see Chapter 5). 5 mL TIBA solution was added to the reactor to catalyze
the reaction.
The procedures for transferring reagents to the reactor was described in Chapter 5.
To synthesize 10,000 g/mol polymer, 5 g EO, 20 mL toluene, 100 mL cyclohexane were
added to the reaction first and reacted for 24 hours at room temperature. 5 g (6 mL) PO
was then added to the reaction and reacted at room temperature for 24 hours. The potassium
amide-initiated polymerization follows the same procedure other than replacing the
methanol-potassium naphthalene initiator solution with 1 mmol (1 mL)

potassium

bis(trimethylsilyl)amide (1 mmol/mL in toluene).
To purify the final product, the product solution was vacuum filtered and
concentrated with a rotary evaporator. The polymers were precipitated by mixing with
diethyl ether and hexane with a ratio of 1:3:5. The precipitation (white solid) was then dried
under a vacuum for 24 hours. The solid polymers were then redissolved in DI water and
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the pH was adjusted to 4 with the addition of hydrochloric acid. The polymer solution
contained some insoluble aluminum hydroxide that was removed by centrifuge and
filtration. The cleared polymer solution was then dialyzed using a 3.5 K dialysis tubing for
24 hours. The dialyzed solution was then freeze-dried to get the purified polymer. The
methyl-ended polymer was named mPEO-PPO and the amine-ended polymer was named
nPEO-PPO.

Modifications of the polymer ligands

Figure 6.3 Scheme of the modification of PEO-b-PPO with succinic anhydride, NHS, and
L-DOPA.
The polymers can be modified with the procedures shown in Figure 6.3. The
polymer can react with 1 equivalent succinic anhydride and 0.3 equivalent DMAP in THF
to form mPEO-PPO-SA. Then the carboxylic acid functionalized polymer mPEO-PPO-SA
reacted with 1 equivalent DCC and 1 equivalent NHS in THF to make polymer NHS ester
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mPEO-PPO-NHS. The mPEO-PPO-NHS was then reacted with 1 equivalent L-DOPA in
DMF to make the catechol functionalized polymer mPEO-PPO-DOPA. All reactions were
done at room temperature for 4 hours with vigorous magnetic stirring. The intermediate
from each step was purified with antisolvent precipitation and dried before the next step
reaction. The final product was purified, dried, and stored at -20 ℃. The same procedure
can also be used to modify nPEO-PPO.
Surface modification of iron oxide nanoparticles with polymer ligands
The iron oxide nanoparticle surface was chemically modified via ligand exchange
(Figure 6.4) and silica coating (Figure 6.5) strategies.

Figure 6.4 Nanoparticle surface modification via ligand exchange.
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Ligand exchange was done by dissolving 400 mg mPEO-PPO-DOPA and 50 mg
nanoparticles (oleic acid capped) in 15 mL DCM. The solution was sonicated for 1 hour
and left on a shake plate for 48 hours. After the ligand exchange, the solvent was evaporated
with a rotary evaporator and the product was washed with diethyl ether. The modified
particles were dried under vacuum and stored under nitrogen in a desiccator.
To coat the iron oxide nanoparticles with silica, a reverse microemulsion method
was used.225 Briefly, 50 mg nanoparticles and 2.5 g Igepal CO-520 were dissolved in 50
mL cyclohexane. After shaking for 30 minutes, 0.375 mL ammonium hydroxide solution
was added to the solution and then shake for 1 hour. Then, 0.375 mL TEOS was added to
the solution and reacted on a shake plate for 24 hours. Finally, 0.5 mL APTES was added
to the solution and let react for 24 hours on a shake plate. After the reaction, the solution
was concentrated with a rotary evaporator. The particle product was washed with methanol

Figure 6.5 Nanoparticle surface modification via silica coating.
three times and collected with a magnet. The particles were then washed with diethyl ether
and dried before redissolving in 15 mL DMF. 400 mg mPEO-PPO-NHS was added to the
particle DMF solution, and the solution was left on a shake plate for 48 hours. The modified
particles were precipitated by diethyl ether, dried under vacuum, and stored under nitrogen
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in a desiccator. The same procedures were also used for nPEO-PPO-NHS polymer ligands
for particle surface modification.
Characterizations of the polymer ligands and composite nanoparticles
TEM images of the nanoparticles were taken with the same instrument and method
listed in Chapter 2. Differential scanning calorimetry and nuclear magnetic resonance
spectroscopy were done with the same procedure described in Chapter 5. Dynamic light
scattering (DLS) was done with a Malvern Zetasizer Nano ZS.

Figure 6.6 TEM images of nanoparticles. a) particles without surface modification; b)
silica coated nanoparticles.
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Results and discussion
Particle synthesis and modification
The iron oxide nanoparticles used in this study were the 18.6±1.2 nm sample in
Chapter 4. As seen in Figure 6.6, after silica coating, the size of nanoparticles became
37.2±4.5 nm in diameter while the core size remained unchanged.
Polymer synthesis and characterization
The method for polymer characterization was thoroughly discussed in Chapter 5.
As the backbone of the polymer is a PEO-PPO copolymer, the NMR spectrum looked very
similar to the spectrum in Figure 5.2. Using the integration of the peaks, the molecular

Figure 6.7 NMR spectrum of nPEO-PO. Chemical shifts: δ=3.5 CH2-CHO- and CH2CH2-; δ=3.0 N-CH2-; δ=1.1 CH3-; δ=0 CH3-Si-.
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Figure 6.8 NMR spectrum of mPEO-PO-DOPA. Chemical shifts: δ=3.5 CH2-CHO- and
CH2-CH2-; δ=1.1 CH3-; δ=8.0 NH-; δ=6.5-7.0 aromatic; δ=2.5-3.0 N-CH2- and succinic
units.
weight of the polymer, the PEO block, and the PPO block can be calculated. Taking nPEOPPO as an example, as shown in Figure 6.7, the molecular weight is 9580 g/mol (targeted
10000 g/mol). PEO block had a molecular weight of 5060 g/mol (targeted 5000 g/mol) and
the PPO block had a molecular weight of 4520 g/mol (targeted 5000 g/mol). This means
nPEO-PPO polymer had 52.8% PEO as its mass. Figure 6.8 showed the NMR of mPEOPPO modified with DOPA. Its molecular weight was calculated as 10500 g/mol (6900
g/mol PEO and 3600 g/mol PPO).
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The thermal property of the polymer ligands was measured by DSC. For
comparison, 10 K PEO was also used for this test. Both solid polymers and aqueous
polymer solutions were measured. As seen in Figure 6.9, the DSC scan showed melting

Figure 6.9 DSC of solid 10K nPEO.
and crystallization peaks and the enthalpy of melting was 161 J/g. In comparison to the
10K PEO sample, the 10K nPEO-PPO also showed melting and crystallization peaks
during DSC measurement (Figure 6.10). The enthalpy of melting was 85 J/g. As the
enthalpy (latent heat) corresponds only to the PEO block that is crystalline, the mass
fraction of PEO in the block copolymer can be calculated from the fraction between the
enthalpy of the copolymer and the enthalpy of the homopolymer, as seen in Figure 6.10.
This result matches very well with the former calculation with NMR data.
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Both 10K nPEO and 10K nPEO-PPO were dissolved in DI water with a
concentration of 10 wt%. As shown in Figure 6.11 and Figure 6.12, in contrast to the nPEO

Figure 6.10 DSC of solid nPEO-PPO.
homopolymer showing no peaks, the nPEO-PPO block copolymer showed reversible
transition at 9.3 ℃ (average of the two peak temperatures). Since the structure of mPEOPPO is like nPEO-PPO, the DSC results were very similar and were not shown here.
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Figure 6.11 DSC of 10 wt% 10K nPEO aqueous solution in DI water.

Figure 6.12 DSC of 10 wt% 10K nPEO-PPO aqueous solution in DI water. Zoomed-in
peaks
are
shown
as
well.
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DLS measurement of nanoparticles
The hydrodynamic diameters of iron oxide nanoparticles before and after surface
modification with mPEO-PPO were measured with DLS. The pre-modified particles were
dissolved in DCM and the post-modified particles were dissolved in DMF for the
measurements. Table 6.1 listed the DLS results. The iron oxide nanoparticles (IONP) had
hydrodynamic diameters of 53.7 ± 30.9 nm, and the silica-coated IONPs had hydrodynamic
diameters of 56.5 ± 19.9 nm. The hydrodynamic diameter of mPEO-PPO-DOPA modified
IONPs was 153.6 ± 55.1 nm, and the hydrodynamic diameter of mPEO-PPO-NHS
modified silica-coated IONPs was 379.1 ± 30.3 nm. The hydrodynamic diameter of the
silica-coated particles was slightly larger than the oleic acid capped particles. The
hydrodynamic diameter of the nanoparticles can also be calculated using the blob model,
assuming concentric shells with a constant number of blobs in each shell.226,227 The results
were calculated based on the TGA measurement of the particle samples shown in the
Appendix (Figure A-6).
Table 6.1 DLS diameter (Z -average) of particles before and after modification.
Calculated hydrodynamic diameter Measured
hydrodynamic
(nm)
diameter (nm)
Pre-modification Post-modification Pre-modification Post-modification
mPEO-PPO41.5
146.3
53.7±30.9
153.6±55.1
DOPA-IONP
mPEO-PPO\
239.7
56.5±19.9
379.1±30.3
silica-IONP

120

Conclusion and future work
Thermoresponsive polymer-iron oxide composite nanoparticles were synthesized
using two different strategies. The 10K PEO-b-PPO copolymer ligands showed transition
at around 9 ℃ when dissolved in a 10 wt% aqueous solution. The DLS results showed an
increase in the hydrodynamic diameter after surface modification which may indicate the
successful attachment of polymer ligands to the particle surfaces. However, additional
characterization is still needed for this system. The hydrodynamic diameter measured by
DLS could show the diameter of aggregations. To quantitatively determine the polymer to
inorganic core ratio, further measurement, such as thermal gravimetric analysis (TGA), is
needed. Fourier transformation infrared spectroscopy (FTIR) will be another good
technique to qualitatively determine the attachment of polymers onto the surfaces.
Moreover, now that the composite nanoparticles were made, the sensitivity of the particle
to temperature change needs to be tested with the control of an external AC magnetic field
or heat gradient. Finally, with the validation of the thermoresponsive composite
nanoparticles, they need to be tested for drug loading and controlled release efficiency in
the future.
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CHAPTER SEVEN

CONCLUSION AND FUTURE WORK
Structure-property relationship ferrite nanoparticles
In Chapter 2, monodispersed manganese ferrite particles with various compositions
were synthesized and characterized. The measured properties were compared with DFT
calculations and revealed the magnetic properties (especially saturation magnetization)
concerning the composition of nonstoichiometric manganese ferrite nanoparticles. A
discrepancy between the computational results and experimental results was found. The
experimental crystallite size and experimental lattice parameter concerning manganese
substitution followed trends that are opposite from the computational trends. The further
characterization of the crystalline structure of the nanoparticles suggested that this
discrepancy was likely caused by the manganese substitution-induced crystalline defects.
To better model the substituted ferrite nanoparticles and guide the further synthesis
of such materials, we need to either improve our synthetic approaches or design a more
accurate model for the imperfect material. Considering the complexity of the material, it is
more realistic to deal with the crystalline imperfections than modeling the defects in the
materials. Therefore, an effective and reproducible way to eliminate the crystalline
imperfections in the synthesized ferrite nanoparticles needs to be developed.
According to the nucleation and growth theories, the polycrystalline structure
mostly occurred in a rapid nucleation event, that is, single crystal growth needs slow
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nucleation which means the energy given for nucleation and growth cannot surpass the
activation energy too much.63,228–231 A low-level supersaturation of monomers is needed
for the slow growth of single crystals. For the thermal decomposition method, the
supersaturation of monomers is related to the initial concentration of precursors and the
reaction temperature. If the reaction temperature is too much higher than the temperature
needed for nucleation, the high supersaturation will result in burst nucleation that leads to
polycrystalline structure or higher polydispersity. Therefore, the seed-mediated drip
synthesis is so valuable; the seeding stage lowers the activation energy for particle growth
and by controlling the dripping rate, we can carefully control the supersaturation of the
monomers. The synthesis parameters need to be optimized to improve the crystallinity of
the particle. For example, in the previous study on iron oxide nanoparticle synthesis,64 350
℃ and 3 mL/h were used as reaction temperature and dripping rate. To make higher
crystallinity, we should try lowering the reaction temperature, like 300 ℃, and slowing the
dripping, like 2 mL/h.
Multi-metal substituted ferrite nanoparticles synthesis
As seen in Chapter 3, a new method to synthesize multi-metal substituted ferrite
nanoparticles was developed. The seed-mediated drip synthesis can offer good control of
the size and composition of the ferrite particles. With detailed characterization, we have
demonstrated that the properties of the synthesized particles are highly related to the
crystalline structure of the particles, for example, the spinel/rock salt phase ratio. Before
any post-synthesis treatment, the as-prepared particles have both spinel and rock salt phases
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causing the reduction in the total magnetic moment and some interfacial exchanged
coupling. As the outer layer of the particles was more oxidized to be spinel instead of rock
salt phase, the magnetic properties of the particles were more dominated by the outer layer.
Mn-Co substituted ferrite nanoparticles were synthesized and characterized as an
example to show the capability of seed-mediated drip synthesis. However, the goal of the
development of such a synthetic method is to enhance the control over the size and
composition of ferrite nanoparticles to produce materials that match the needs for a specific
application. Therefore, other substitute metals, such as Mg, Zn, Ni, or rare earth metals
need to be investigated.232–239
One of the emerging medical imaging technologies is magnetic particle imaging
(MPI), to enhance the MPI contrast, the magnetic property of the magnetic particle tracer
needs to be improved.240,241 It has been shown that the performance of MPI is significantly
influenced by the size of iron oxide nanoparticle tracers242,243 since the magnetic anisotropy
and magnetic moments of the iron oxide nanoparticles are highly related to the sizes.
Nonetheless, the study of the development of MPI tracers was exclusively studied with iron
oxide so far. There is a great opportunity to study other metal substituted ferrite
nanoparticles with designed sophisticated structures for their tunable magneto-crystalline
anisotropy and magnetic moments. The performance of MPI can be improved with the
improvement of the designed structure of substituted ferrite nanoparticles.
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Figure 7.1 An illustration showing a typical structural change of spinel–rock salt transition
materials accompanied by Mg insertion/extraction. Figure reprinted from ref. 18.
Copyright 2020 Elsevier.
Crystallography characterization of ferrite nanoparticles
Chapter 4 illustrated that the post-synthesis annealing process can oxidize the asprepared wüstite rich particles to spinel ferrite particles. The magnetic properties changed
significantly after the post-synthesis treatment without changing the size and morphology
of the nanoparticles. XRD analysis provides the identification and quantification of the
phases inside the particles. However, the study of the crystallography of ferrite
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nanoparticles discussed in this dissertation is not enough. More studies on the cation
distribution and oxidation states of the metal cations are needed to better understand the
structure-property relationship of the metal substituted ferrite materials.
We found that during the rock salt-spinel transition, there may be still internal strain
in the lattice structure. For example, as seen in Figure 4.4, although the wüstite rich
particles were fully converted to spinel particles, the peak at (400) and (440) have higher
relative intensity than the relative intensity shown in the reference peaks, meaning the
particles have a higher number of octahedral cations than the stoichiometric magnetite.
Such phenomenon was also seen in the XRD results in Chapter 2 and Chapter 3, with the
insertion of addition substitution metals the crystalline structure tends to be rock salt as
seen in some previous studies (Figure 7.1).244,245 Moreover, further studies on using XRD
to determine the cation distribution in the ferrite structures are needed.148,246 Other than
XRD, complementary techniques like X-ray absorption spectroscopy,247 Raman
spectroscopy,248 and Mossbauer spectroscopy249, and others are useful to determine the
oxidation states of the metal cations, coordination numbers of each metal element, and the
cation distributions. Now that the change in phases with post-synthesis annealing has been
demonstrated, it would be interesting to show the change in oxidation states and cation
distributions between samples before and after the post-synthesis annealing.
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Surface modification of nanoparticles
It has been illustrated the opportunity of controlling the thermal properties of the
polymer ligands by synthetically tailoring the chemical structure of the polymers in Chapter
5 and Chapter 6. More investigations on the thermoresponsive properties and magnetothermoresponsive properties of the block copolymer-coated magnetic nanoparticles will be

Figure 7.2 Diameter of the composite nanoparticles. Ф1 is the magnetic core diameter; Ф2
is the inorganic coated (such as silica) particle diameter; Ф3 is the polymer coated particle
diameter.
needed in the future. As discussed in Chapter 1, functions like magnetically controlled drug
release and magnetically controlled reversible gelation are two of the possible topics that
can be studied. The thickness of the coating layer highly influences the properties of the
nanoparticles since, for example, it changes the hydrodynamic volume of the particles and
thus the AC susceptibility profiles.250,251 The magnetic core size, silica-coated particle size,
and polymer-coated composite particle size can be optimized for a specific application
(Figure 7.2).
One example is that, by changing the coating thickness, we can change the
interparticle distance and in turn adjust the interparticle interactions. Like what was
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discussed in Chapter 1 and Chapter 5, the polymer conformation would change upon
temperature change. So, when the polymers are magnetically heated under an AC field, the
conformation of the polymer ligands should change, like a “polymer spring”. If “polymer
springs” were synthesized and crosslinked by magnetic cores, the interparticle distance can
be controlled magnetically and possible magnetic actuation applications can be developed.
Chapter 5 has shown the synthesis of the 4-arm block copolymer. The branched
polymer can be crosslinked physically with heat in a concentrated aqueous environment.
On the other hand, the hydrogel polymer can also be chemically crosslinked by
functionalizing the end groups (Figure 7.3) that is previously achieved by acrylation

Figure 7.3 Schematic illustration of the acrylation and NHS functionalization for the 4arm PEO-PPO block copolymer.
followed by Michael addition crosslinking.202,212 Using the same concept, we can combine
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the hydrogel consists of acrylic groups with the thiol surface-modified magnetic
nanoparticles and create a magnetic hydrogel that would possibly use for magnetic
actuation as well.
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APPENDIX
Validation Of Synthetic Method
The synthetic method used in Chapter 2 and Chapter 3 was validated by
synthesizing core-shell Co ferrite-Mn ferrite (CoFe@MnFe) nanoparticles. The results of
TEM analysis, EDX analysis, AC-susceptibility measurement, and AC calorimetry are
presented below.

CoFe core

CoFe@MnFe
core-shell

Figure A-1 TEM images and size distribution of CoFe core and CoFe@MnFe core-shell
particles.
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Figure A-2 EDX mapping of CoFe core.

Figure A-3 EDX mapping of CoFe@MnFe core-shell particles.
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Figure A-5 Complex susceptibility vs. measurement frequency.

Figure A-4 Heating curve of CoFe@MnFe particles in toluene.
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Table A-1 SAR calculation of CoFe@MnFe nanoparticles. 26 kA/m, 212kHz.
Sample
name

Concentration
Slope
Heat Density of
Volume (magnetic
of
Solvent
capacity solvent
(mL)
particle)
curve
(J/ g K) (g/mL)
(g/mL)
(K/s)

CoFe@MnFe Toluene

0.2

4

1.71

0.867

Figure A-6 TGA curves of PEO-PPO modified nanoparticles.
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0.204

SAR
(W/g）
94.4
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